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ABSTRACT 

 

 Nanostructured Transition Metal Oxide-based Electrodes  

for Electrochemical Energy Storage  

 

Ji-Hoon Lee 

Department of Materials Science and Engineering 

The Graduate School 

Seoul National University 

 

Layered transition-metal oxides have been intensively investigated as one of the most 

promising electrode materials for electrochemical energy storage systems, e.g., 

electrochemical capacitors (ECs) and Li-ion batteries (LIBs), due to their facile ion 

diffusion kinetics and suitable electrical conductivity. However, layered-structure 

electrodes still require further improvement of their electrochemical performances. 

Limited mass and charge transport kinetics under the high mass loading of electrodes 

lead to a low utilization degree and ratio of measured/theoretical capacitance or capacity, 

and insufficient power performances. In addition, irreversible side reactions, including 

phase transitions, changes in composition of electrodes, and undesired electrochemical 

or chemical reactions with electrolytes, are considered to be negative factors for stable 

cycling performances.  

The objective of this thesis is to identify the energy storage mechanism in ECs and 

LIBs and to provide guidelines for electrode design with respect to the crystallographic 
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phase and structure of electrodes and interfacial properties between the electrodes and 

electrolytes. 

First, 1-D nanostructured MnO2-electrodes for ECs were developed using the 

electrospinning method followed by electrochemical oxidation to precisely control the 

phase of MnO2. The main advantage of nanofibers (NFs) is their ability to overcome the 

poor cation diffusivity and electrical conductivity of Mn oxides that result in a low 

degree of utilization. To date, the phase of electrospun MnOx NFs after thermal 

calcination has been limited to the low oxidation state of Mn (x < 2), which has resulted 

in insufficient specific capacitance. The organic contents in the as-spun MnOx NFs, 

which are essential for forming the NF structure, make it difficult to obtain the optimum 

phase to achieve high electrochemical performance. δ-MnO2 NFs, which were obtained 

by galvanostatic oxidation of thermally calcined MnOx NFs, were successfully 

fabricated while maintaining the 1-D nanoscale structure and inhibiting the loss of active 

materials. The galvanostatically oxidized Mn3O4 exhibited an outstanding performance 

of 380 F/g under a mass loading of 1.2 mg/cm2. From a comparison study on the effect 

of the initial phases of MnOx (Mn3O4 and Mn2O3), it was confirmed that galvanostatic 

oxidation-induced phase transformation to δ-MnO2 occurred thorough 2 step-wise 

processes, and each step was strongly dependent on the concentration of Mn2+ and the 

energetic stability of the Mn3+ ions in the MnOx phases. 

The second focus is to develop a novel interfacial engineering method and to improve 

the performances of Li(Ni1/3Co1/3Mn1/3)O2 cathodes by introducing amorphous ZrO2 

surface layers. We developed a novel sputtering system that was modified to induce 

continuous movement of the powders of electrode materials to secure a uniform coating. 

The electrochemical performance of a ZrO2-coated Li(Ni1/3Co1/3Mn1/3)O2 cathode was 

investigated using two types of electrolyte materials: conventional organic liquid and 
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sulfide-based glassy solid-state electrolytes. In the cells with the liquid-state electrolytes, 

the cycling stability (capacity retention) was enhanced by the surface ZrO2 layer: 94.6 

and 71.3 % for the coated and pristine cathodes, respectively. The effect of the surface 

layer on improving the stability was analyzed with respect to the electronic conduction 

and Li ion diffusion kinetics. The superior power performance of the ZrO2-coated 

cathodes was also investigated by considering the interaction between ZrO2 and Li ions 

during cycling and quantitatively measuring the diffusion coefficient of Li ions through 

the surface layers. In the all-solid-state cell based on the composite solid electrolyte of 

Li2S and P2S5, the improved specific capacity and retention were also confirmed in 

coated electrodes, while the responsible mechanism was distinguished from that effect 

in liquid-state cells. Based on understanding the mechanism for stabilizing the interface 

by introducing surface coating layers, we suggest an appropriate coating material to 

improve LIBs using both liquid- and solid-state electrolytes.  

This study provided useful information for understanding the energy storage 

mechanism in layered electrode materials and suggested versatile design methods to 

improve the electrochemical energy storage performances. 

 

Keywords: electrochemical energy storage, transition metal oxides, electrospun 

nanofibers, surface protective layers 

Student Number:  2008-20672 
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CHAPTER 1 
 
Introduction 
 

 

1.1. Electrode materials for electrochemical energy storage 

 

With the crisis of environmental pollution caused by energy consumption/production 

based on combusting fossil fuels releasing numerous harmful wastes and their 

exhaustion, great attention has been paid to alternative energy systems with high 

sustainability, environmental friendliness, and cost efficiency. 

Among various technologies for next generation energy systems, electrochemical 

capacitors (ECs) [1.1-1.3] and Li-ion batteries (LIBs) [1.4-1.6] have been intensively 

investigated over the past decades because of their outstanding merits: simple cell design, 

high efficiency compared with internal combustion engines, environmental friendly 

storage mechanism, etc. Both of these systems have common features, that is, their 

devices are constructed with two electrodes and interposed electrolytes, and the energy 

is stored and delivered via electrochemical processes, which occur at the interphase 

between the electrode and electrolytes, although detailed mechanisms to store the energy 

are distinguished (these electrochemical mechanisms will be discussed in Chapter 2). 

Figure 1.1 A presents application fields of energy storage/delivery systems (energy- 
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and power-oriented systems) utilized by electrochemical energy storage mechanism. 

The overall process is governed by conversion between electrical and chemical energy. 

During the charging process, the electrical energy supplied from an external circuit and 

the transferred electrical energy are used to increase the chemical energy of the system. 

Then, during the subsequent discharging step, high chemical energy is released by 

delivering the electrical energy to an external load. The cell voltage of the energy devices 

increases with the state of charge. 

Figures 1.1 B and C display the cell configurations for ECs and LIBs. The concept of 

ECs was first derived from conventional capacitors, in which the polarization of 

dielectric materials plugged between two metal plates induced the charge storage. In the 

early 1950s, H. Becker prepared ECs in the first trial for developing electric double layer 

capacitors (EDLCs) [1.7] by adopting porous carbon ions (the electrode) dissolved in an 

aqueous medium (the electrolyte). Because of the extremely small distance between the 

carbon surface and electrolyte ions and the high surface area of the carbon-based 

electrolyte, the capacitance induced by electrostatic charge accumulation/depletion was 

significantly improved compared with conventional dielectric material-based capacitors. 

By further invention and fundamental studies on EDLC-type ECs conducted by 

various corporations and institutes, e.g., Standard Oil of Ohio (SOHIO) [1.8] and 

Nippon Electric Company (NEC) [1.9], commercially available ECs were developed 

and used for backup power for memory and a power source for transportation. In EDLC-

type ECs, a symmetric cell configuration, i.e., the same electrode materials on both sides, 

was used.  

With a strong need to obtain a higher energy density than carbon-based EDLCs, a 

new type of storage mechanism, so-called pseudocapacitance, which occurs in 

transition metal oxides and conducting polymers, was suggested by B. E. Conway’s  
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Figure 1.1 (A) Application fields of energy storage/delivering systems utilized 

by electrochemical energy storage mechanism. Cell configuration for 

electrochemical capacitors (a type of electric double layer capacitors) (B) [1.11] 

and Li ion batteries (C) [1.12]. 
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work from 1975 [1.10]. This work focused on RuO2, which stores energy via a surface 

faradic reaction, while the device characteristics still appear similar to that of ECs (Chapter 

2). Unlike the EDLC that used surface free electrons in energy storage, pseudocapacitors 

utilize the valence electrons of the electrode such that the application fields of ECs were 

greatly expanded with enhanced energy density. 

LIBs store electrical energy through the mass transfer of Li ions and changes in the 

electronic structure of active materials. The first theoretical establishment of the concept 

of LIBs was proposed by M. S. Whittingham [1.13] in the 1970s with a cell 

configuration of TiS2/Li. The form of conventionally used LIBs today is based on the 

research conducted by J. O. Besebhard [1.14] (identifying the reversible intercalation in 

graphite) and J. Goodenough [1.15] (developing the cathode material based on transition 

metal oxides containing Li ions). 

Figure 1.1 C displays the typical cell configuration of LIBs. The cell is composed of 

two electrodes and Li-ion-containing electrolytes, and the two electrodes are referred to 

as the positive and negative electrode. Because the positive electrodes, usually Li-

incorporated transition metal oxides, have higher electrode potential than the negative 

electrodes, e.g., graphite, Si, and Sn, the positive and negative electrodes behave as the 

cathode (insertion of Li) and anode (extraction of Li), respectively, during the 

discharging process. 

There is still a demand to further improve the performance of ECs and LIBs and to 

resolve critical issues. The application field of ECs, which store/output electrical energy 

though surface-related processes is limited to power-oriented devices, e.g., moving parts 

of transportation or backup power, where high energy storage capacity is not required. 

Especially under a high charging/discharging rate, LIBs exhibit poor electrochemical 

performances, i.e., low power density. In addition, gradual degradation caused by the 
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irreversible transition between the charged and discharged state due to the energy storage 

reaction occurring in the bulk counterparts of the electrodes of LIBs result in various 

side reactions (more details are provided in section 2.3.3.) 

Because of the simple structure of the cell adopted in ECs and LIBs and the predictable 

cell performances based on identifying the thermodynamics and kinetics in electrode 

materials, developing high-performance electrode materials leads to versatile 

electrochemical energy storage systems. 

Therefore, it is emphasized that designing the electrodes with respect to the species of 

materials, crystallographic phase, and structure of electrodes holds the key for 

improving electrochemical performances. 

The following sections describe the details of recent issues involving the microstructure 

and provide an overview of novel design strategies for electrodes suggested by the thesis 

for high-performance ECs and LIBs. 
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1.2. Microstructural issues of electrode materials 

 

1.2.1. MnO2 electrodes for electrochemical capacitors 

 

With demand for further improving the energy density of ECs, pseudocapacitive-

material-based electrodes, including transition metal oxides and conducting polymers, 

are considered an appropriate solution because the pseudocapacitive mechanism based 

on surface faradic reactions exhibits one order of magnitude higher energy density than 

EDLCs. 

Among the pseudocapacitive electrode materials, manganese oxides are the most 

promising candidates because of their high theoretical capacitance, low cost, and natural 

abundance [1.16]. Due to the various oxidation state manganese ions, e.g., 2, 3, 4, and 

7+, the oxides exist with various crystallographic structures in nature. 

Figure 1.2 shows the fraction of lattice sites involved in the electrochemical energy 

storage of low valence MnOx (x<2) and MnO2-based electrodes. The general chemical 

formula for MnO2 was suggested by P. Ruetschi [1.17]: 

 

 

yxyxzxyx OHOvacMnMn +4
-

-4--2
-2+3

--1
+4 )()())(()(             (1.1) 

 

In MnO2, some portion of the Mn4+ sites are replaced by Mn3+ ions (y) and cation 

vacancies (x). To satisfy the charge neutrality of the MnO2, additional protons are 

inserted in MnO2 and constitute the structural water with a form of MnO2ᆞzH2O. 

According to the periodic arrangement of cation vacancies and the sharing manner 

between MnO6 octahedra subunits (edge or corner sharing), the overall crystallographic 
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structure of MnO2 is determined with different shapes of tunnel or interslab space: 

 

 

Figure 1.2 Schematic representation of the lattice sites (red-colored area) 

involved in electrochemical energy storage of low valence MnOx (x<2) (A) and 

MnO2 (B) electrodes for ECs.  

 

 
 

Figure 1.3 Comparison of specific capacitance, ionic conductivity, specific 

surface area of allotropes of the crystalline MnO2 (figure was redesigned with 

reference to [1.18, 1.19]). 
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α-MnO2 (2 2 tunnel, 1-D), β-MnO2 (1 1 tunnel, 1-D), γ-MnO2 (2 1 tunnel, 1-D), δ-

MnO2 (1 ∞, interslab space), and λ-MnO2 (3-D) (Fig. 1.3). 

The tunnel or interslab space developed in various structures of MnO2 stores energy 

via the intercalation pseudocapacitive mechanism, the so-called inner surface storage. 

Therefore, MnO2 exhibits superior electrochemical performance compared with low-

valence MnOx (x < 2) (Mn3O4 and Mn2O3) because its additional capacitive mechanism, 

which constitutes the major capacitive portion of MnO2, can be utilized [4.12].  

As illustrated in Fig. 1.2, the energy storage process of the MnO2-based electrode can 

be further extended to the inside of the electrode, while the MnOx-based electrode 

utilizes only the outer surface, leading to a lower specific capacitance and large fraction 

of dead volume, which is not involved in the electrochemical storage process. 

Figure 1.3 displays the specific capacitance, ionic conductivity, and specific surface 

area of allotropes of the crystalline MnO2. The 2-dimensional layered-structure MnO2, 

denoted as δ-MnO2 (birnessite), exhibited the most outstanding specific capacitance 

among all of the allotropes because of its highest ionic conductivity, although δ-MnO2 

has a relatively small specific surface area and low electrical conductivity of 5.8 10-6 

Scm-1 [1.19]. Therefore, it can be assumed that ionic conductivity is the key factor for 

achieving high energy density and can be further improved by structural modification, 

e.g., a porous and open structure. 

To apply the ECs as independent power sources for large-area electronics and electric 

vehicles, where high energy as well as high power are needed, the scaling-up of the 

system by increasing the thickness or mass of electrode is essential. Unfortunately, with 

an increase of mass loading of MnO2 in the electrode, the specific capacitance 

significantly decreased (low utilization degree [1.20]), as shown in Fig. 1.4. Restricted 

ion accessibility into deeper regions from the surface and the poor electrical conductivity 

× × ×

×

×
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of MnO2 are responsible for that tendency because the diffusion of electrolyte ions and 

the movement of electrons should occur simultaneously for electrochemical energy 

storage. 

 

 

Figure 1.4 Specific capacitance as a function of scan rate depending on mass 

loading of active material (electrodeposited MnO2 on CNT textiles) [1.21]. 

 

Previously, MnO2 nanoparticles were employed to increase the surface area of the 

electrode [1.22]. However, due to the agglomeration of the particles, a densely packed 

structure was formed, resulting in the specific surface area, and electrolyte ions could 

not access the micropores located in the interparticle space. In addition, the poor 

interparticle contact resulted in a high contact resistance. To further increase the surface 

area and reduce the electrical resistance, a thin layer of MnO2 was coated on conductive 

carbon-based materials [1.23, 1.24]. However, because the film thickness was extremely 

thin, a high mass loading was not possible for this method. The effect of the electrical 

double layer capacitance (EDLC) of the carbon materials hardly contributed to the total 

capacitance because of the MnO2 surface layers. 
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1.2.2. Li(Ni1/3Co1/3Mn1/3)O2 cathodes for Li ion batteries 

 

The optimal selection of an electrode with respect to the microstructure is considered 

essential to overcome the issues for LIBs, e.g., low power performance and gradual 

degradation with repeated cycling due to irreversible side reactions. Figure 1.5 shows 

the diffusivity of the Li ion and electrical conductivity of the cathode material with 

different structures: olivine, spinel, and layered-structure [1.25-1.39]. Layered-structure 

cathode materials are beneficial for achieving high electrochemical performances as 

well as resolving issues due to their facile ionic and electric transport. A solid-solution 

type of layered cathode material, Li(Ni1/3Co1/3Mn1/3)O2 (NCM333), has been widely 

investigated [1.40, 1.41] because that combines the merits and overcomes the issues of 

one type of transition-metal-containing layered cathode, e.g., Li(Ni, Co, or Mn)O2.  

Recently, with the demand for lightweight LIBs and the development of high capacity 

anodes, there have been efforts for obtaining a higher energy density of cathodes by 

increasing the high potential limit above 4.5 V. Under this condition, the cathode 

material becomes vulnerable for retaining a stable capacity due to structural and 

chemical instability, e.g., transition metal cation dissolution [1.42], undesirable reactions 

between the organic liquid electrolyte and active materials [1.43], and damage by 

generated HF [1.44]. These issues are visualized in Fig. 1.6. A relatively lower rate 

capability is one of the major drawbacks [1.45]. To overcome those, thin-metal-oxide 

coating layers have been introduced as protective layers. Most of the previous studies to 

fabricate a coating layer were conducted using the “sol-gel” method [1.46, 1.47] or 

“atomic layer deposition (ALD)” [1.48]. The sol-gel method is disadvantageous because 

a lot of waste is produced, and the process is time-consuming. ALD proceeds with a 

complicated cycle-manner, and insufficient available precursors are another obstacle. 
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Figure 1.5 Diffusion coefficient of Li ion (A) and the electrical conductivity of 

representative cathode material (B) with different crystallographic structures 

(olivine (LiFePO4), spinel (LiMn2O4), and layered-structure (LiCoO2)) reported 

by [1.25-1.39]. 

 

 

Figure 1.6 (A) Schematics for the degradation mechanism of layered-structure 

cathode materials under a high cut-off potential. (B) Cycling performance and 

the concentration of dissolved cations as a function of the high cut-off potential 

for (Li(Ni1/3Co1/3Mn1/3)O2) [1.42]. 
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1.3. Objective of the thesis 

 

Layered-structure electrode materials possess an optimal microstructure, facilitating 

ion diffusion, which leads to a high utilization degree and high ion accessibility. 

Therefore, these materials may be the most promising electrodes for electrochemical 

energy storage systems including ECs and LIBs. However, layered-structure electrodes 

still have various problems. These problems, mentioned in the previous section, are 

obstacles that need to be overcome to extend the application range of ECs and LIBs as 

independent energy storage/output sources. 

To improve the electrochemical performances and stability of the energy devices, the 

physics of the storage mechanism should be clearly identified, and an effective design 

method to inhibit the related degradation mechanism should be developed. However, in 

previous studies, researchers have had limited access to the fundamental understandings 

of the mechanism for improved performances by applying the method they suggested. 

The key for identifying the mechanism is a systematic study with respect to the 

microstructure of the electrode materials. In addition, the methods developed by these 

researchers are difficult to utilize in industrial fields due to the low production yields and 

complicated processes, which cannot be used for mass production.  

The objective of this thesis is to clearly identify the energy storage mechanism in ECs 

and LIBs and to provide guidelines for electrode design to improve their performances. 

The first focus is the development of novel MnO2-electrodes for ECs using the 

nanostructuring method and the proposal of design rules for optimization of the 

electrochemical performances in terms of the crystallographic structure of the electrodes. 

1-D nanofibers (NFs) are expected to be promising for achieving a high capacitance and 

a high utilization degree and would be practical in terms of availability. The main 
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advantage of NFs is their ability to overcome the poor cation diffusivity and electrical 

conductivity of Mn oxides that result in a low degree of utilization. This advantage is a 

result of their high aspect ratio (length/diameter), which enhances the electrical 

resistance; their open structure with well-connected pores, which allow the electrolyte 

to diffuse through the material; and the nanoscale dimensions, which reduces the 

diffusion distance. Electrospinning is currently the best-known method for fabricating 

1-D nanostructures. The microstructure features of manganese oxide NFs are closely 

related to the composition of the solution as well as to variables of post-thermal or 

electrochemical treatments. Furthermore, the ratio of oxygen to manganese incorporated 

in the solution and the oxygen partial pressure during thermal calcination are the most 

dominant factors determining the valence state of manganese oxide NFs. In addition, we 

propose a post-electrochemical oxidation method, which enables the precise control of 

the oxidation state of manganese, for fabricating the δ-MnO2 NFs. Based on the phase 

transformation behavior during the post-electrochemical oxidation process, the effect of 

post-oxidation on the changes of microstructure and chemical state of manganese oxide 

NFs was investigated. With the goal of identifying the mechanism of improved 

performances induced by phase transformation and suggesting an optimal phase for 

electrochemical oxidation, the electrochemical performances (specific capacitance and 

rate capability) and calculation of the used fraction of inner surface storage and apparent 

charge for the phase transformation were systematically analyzed with respect to the 

initial phase (Mn3O4 and Mn2O3). The relationship between the two factors 

(concentration of Mn2+ and energetic stability of Mn3+ ions) and the degree of phase 

transformation and electrochemical performances was the main focus of the 

investigation. 

 The second focus is the development of a novel interfacial engineering method and 
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improvement of the performances of a surface-decorated Li(Ni1/3Co1/3Mn1/3)O2 cathode 

with amorphous ZrO2 layers. Paying attention to the potential of a sputtering system 

applicable to mass production due to its ability to precisely control the properties of the 

coating material with a wide range of material selection, we invented a novel sputtering 

system modified to induce the continuous movement of the powders of electrode 

materials to secure a uniform coating. The electrochemical performance of a ZrO2-

coated Li(Ni1/3Co1/3Mn1/3)O2 cathode was investigated using two types of electrolyte 

materials: conventional organic liquid and sulfide-based glassy solid-state electrolytes. 

In the cell with the liquid-state electrolytes, the cycling performances, including the 

specific capacity and its retention, were analyzed as a function of the thickness of ZrO2, 

which affects the electronic conduction and Li ion diffusion kinetics. The power 

performance improved by the surface ZrO2 layers was also investigated by considering 

the interaction between ZrO2 and Li ions during cycling and the quantitative 

measurement of the diffusion coefficient of Li ion through the surface layers. In the all-

solid-state cell, the improved performances were also confirmed in the coated electrodes, 

while the responsible mechanism was distinguished from that effect in liquid-state cells. 

In addition, by understanding the mechanism for improved performance by introducing 

surface coating layers, we suggest an appropriate coating material to improve the LIBs 

under both liquid- and solid-state electrolytes.  

The performances of LIBs and ECs depend heavily on the properties of the electrode 

materials, which constitute their core. With the results presented in this thesis, we have 

provided useful information to help understand the energy storage mechanism in 

layered-structure electrode materials and suggested versatile design methods and 

guidelines to improve the electrochemical energy storage performances. 
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Figure 1.7 Overview of the thesis. 
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1.4. Organization of the thesis 

 

This thesis consists of eight chapters. The mechanisms of electrochemical energy 

storage and the physics in two representative energy storage devices (electrochemical 

capacitors and Li-ion batteries) are reviewed in Chapter 2. Chapter 3 describes the 

experimental procedures, including the fabrication of samples and the methods used for 

the electrochemical, microstructural, and chemical investigations. In Chapter 4, the 

effect of the solution composition and the variables of thermal calcination on the 

microstructural features of electrospun manganese oxide nanofibers (NFs) as electrodes 

for ECs are discussed. In addition, the phase transformation behavior during the 

electrochemical oxidation and the superior performances obtained by applying the 

galvanostatic method are presented. Chapter 5 discusses the effect of the initial phase of 

MnOx (Mn3O4 and Mn2O3) on the degree of phase transformation into δ-MnO2 NFs, 

specific capacitance, rate capability, and the fraction of inner surface storage and the 

correlation between electrochemical performances and the crystallographic structure of 

the initial phases. Chapter 6 and 7 discuss the effect of a sputtered ZrO2 surface coating 

layer on the electrochemical performance of Li(Ni1/3Co1/3Mn1/3)O2 cathodes for LIBs 

under liquid- and solid-state electrolytes, respectively, and a proposed mechanism for 

the enhancement of performances is suggested. Chapter 8 summarizes the results of this 

study and suggests a strategy for the further improvement of electrochemical 

performances using doping, interfacial engineering, and the development of novel 

electrodes.
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CHAPTER 2 
 
Theoretical background 
 

 

2.1. Mechanisms of electrochemical energy storage 

 

The mechanisms for electrochemical energy storage can be classified with the 

criterion of whether a faradic reaction, involving changes in the valence state of the 

electrode material, occurred when the electrochemical processes occurred. 

In this section, the fundamentals of two competing factors determining the kinetics of 

electrochemical processes (charge and mass transfer) and two types of mechanisms 

utilized in different electroactive sites (surface and bulk) are reviewed. 

  

2.1.1. Charge and mass transfer 

 

In charge-transfer-limited processes, the overall electrochemical reaction is 

determined by the rate of the electrochemical reaction, which is a function of the reaction 

rate constant (k) and the concentration of the reactant. 

Let us consider the simplest case of a electrochemical reaction exhibiting faradic 

nature: 
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RneO ↔+ -                              (2.1) 

 

where O and R are the materials that are oxidized and reduced, respectively. 

When the charge-transfer process becomes the rate-determining step of the above 

electrochemical reaction, the net current (inet), defined as the forward reaction current (ic) 

– the backward reaction current (ia), is written as 

 

]-[=-= bfacnet υυnFAiii                      (2.2) 

)],(-),([= toCktoCknFAi RbOfnet                  (2.3) 

 

where F, A, υf, and υb are the Faraday constant, surface area of the electrode, and the 

reaction rates of the forward and backward reactions, respectively. kf, kb, CO(o,t), and 

CR(o,t) are the reaction rate constant of the forward and backward reactions and the 

concentrations of the oxidized and reduced species at the surface of the electrodes, 

respectively. 

 The reaction rate constants (kf and kb) are expressed as 

 

RTEENFα
f ekk /)-(-0 '0

=                         (2.4) 

RTEENFα
b ekk /)-()-1(0 '0

=                         (2.5) 

 

where k0 and α are the standard rate constant and symmetry factor determining the 

relative magnitude of activation energy for the forward and backward reactions, 

respectively. 

The exchange current (i0), defined as i0=ia=│ic│ when the system is in a equilibrium 

state (inet=0), deduced from the Nernst equation, is described as 
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where CO
* and CR

* are the bulk concentrations of the oxidized and reduced species, 

respectively. 

By combining eqns. (2.4) ~ (2.6) and assuming the mass transfer rate in the system is 

facile, (CO(o,t)/CO
* = CR(o,t)/CR

*=1), the net current of the charge transfer-limited 

process, the so-called Butler-Volmer equation, is derived as 

 

]-[= /)-()-1(/)-(-
0

RTEENFαRTEENFα
net

eqeq eeii                  (2.7) 

 

The current as a function of the electrode potential according to the Butler-Volmer 

equation is shown in Fig. 2.1. 

To maintain a closed loop in the electrochemical system, the same magnitude of 

current should flow inside the electrolyte in terms of ionic conduction. The mechanisms 

of movement of an electrolyte ion under the operating conditions are referred to as 

diffusion, migration, and convection. Diffusion occurs to reduce the gradient of the 

chemical potential, migration is the response of a charged species under an electric field, 

and convection is the method of movement when thermal or physical energy is applied 

to the system. Fig. 2.2 illustrates the charge and mass transfer processes that arise in the 

interphase of the electrode and electrolytes in an electrochemical system. 

The flux of electrospecies “i” due to the mass transfer process is expressed by the 

following equation: 
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where Di, Ci (x), zi, Φ, and ν are the diffusivity, concentration as a function of distance 

from the electrode surface, valence of species “i”, potential profiles built in the 

electrolyte side, and convection velocity, respectively. The flux components of the first, 

second, and third terms on the right-hand side of eqn. (2.8) correspond to the flux 

components of diffusion, migration, and convection, respectively. 

If the mass transfer of species “i” is governed by a diffusion process (the most common 

case occurring in an electrochemical system), the current induced by mass transfer is 

given as 

 

dx

xdC
nFADjnFAi i

idiffd

)(
=×-=                  (2.9) 

 

where id is the diffusion current of species “i”. 

As illustrated in Fig. 2.3, the measured net current as a function of the electrode 

potential is classified into two regimes: charge and mass transfer-limited regimes. In the 

low overpotential (E-Eeq) region, the overall current was determined by the charge 

transfer kinetics. As the overpotential increases, the current is saturated to a certain value 

due to the mass transfer rate being kinetically slower than the charge transfer process. 
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Figure 2.1 inet, as a function of electrode potential determined by the Butler-

Volmer equation (the symmetry factor (α), is assumed to be 0.5; the activation 

energy for anodic and cathodic electrochemical processes is the same). 
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Figure 2.2 Schematic illustration of charge and mass (diffusion, migration, and 

convection) arising in the interphase of negatively charged electrode surfaces 

and electrolytes. The cations exist in solvated form. 

 

 

 

Figure 2.3 Transition between charge-transfer-limited and mass-transfer-limited 

processes as a function of electrode potential and overpotential. 
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2.1.2. Surface storage mechanism 

 

The electric double layer, surface electrosorption, and intercalation refer to 

representative electrochemical energy storage mechanisms arising at the electrode 

surface (Fig. 2.4).  

The “electric double layer” is based on a non-faradic process, and the energy is stored 

through electrostatic accumulation of charges species on the external surface of 

electrodes. “Surface chemisorption” exhibits similarities with the electric double layer 

in that the energy is stored via an external surface; however, electrosorption is a faradic 

process in nature, in which stored charge is related to the surface coverage of the 

electroactive species described by the Langmuir isotherm [2.1].  

In 1979, it was reported that Li ions can be reversibly inserted and extracted from a 

layered-structure TiS2 host without structural reconstruction [2.2]. After experimental 

demonstration of this phenomenon, so-called “intercalation”, developing the novel 

structure of an electrode to enhance its ability for energy storage has been accelerated. 

The intercalation process become facile in certain microstructures that have a periodic 

array of cation vacancies (tunnel) or a van der Waals gap (interslab space) developed in 

crystalline materials (these type of sites formed inside of material are considered an 

“inner surface”). Graphite and transition metal-based oxides or sulfides belong to the 

material categories exhibiting this intercalation process. Basically, intercalation is a 

faradic process and is closely dependent on the diffusion kinetics of electrochemically 

active species.  
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2.1.3. Bulk storage mechanism 

 

A “phase transition” refers to the reconstruction of the original microstructure of 

electrodes occurring in the bulk of the materials through a faradic process. This 

mechanism accompanies the migration of the interphase based on the extent of the 

electrochemical reaction. Electrode materials for primary batteries (Zn/MnO2 cell) and 

rechargeable Li-ion batteries (Li(C)/LiFePO4) utilize the phase transition mechanism. In 

most cases, the mechanism is electrochemically irreversible. 

 

 
 

Figure 2.4 Schematic illustration of electrochemical energy storage mechanisms 

classified by the specific site involved in the energy storage, e.g., an external 

surface, inner surface (interslab space), or the bulk, and the nature of storage 

(non-faradic or faradic process). 
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2.2. Physics in electrochemical capacitors (ECs) 

 

Electrochemical capacitors (ECs) are defined as energy storage devices with much 

higher rate capabilities compared with conventional Li-ion batteries. Therefore, these 

devices have received great attention for various applications that require a high power 

density and long cycle life, e.g., electric vehicles, trains, and aircraft. 

The mechanism of electrical energy of ECs is based on surface-related storage 

mechanisms (electric double layer, surface chemisorption, and intercalation), which are 

electrochemically reversible as well as fast. 

In this section, the detailed mechanism and fundamentals for two difference charge 

storage mechanisms, “electric double layer capacitance” and “pseudocapacitance”, are 

reviewed. The differences in the two mechanisms with respect to the nature of the 

electrochemical process, electrode materials, and electrochemical performances are also 

described. Phenomenological characteristics of the charging and discharging behavior 

of ECs are addressed for the corresponding mechanisms. 

 

2.2.1. Electric double layer capacitance 

 

The electric double layer capacitance (EDLC) is based on the accumulation of charges, 

including those for the salt of electrolytes, protons, or hydroxides, which have an 

opposite sign than those found on the surface of electrode materials depending on the 

electrode potential applied through external sources. Therefore, the mechanism of 

EDLC is primarily surface-related (section 2.1.2.), nonfaradaic, and electrostatic. 

Figure 2.5 illustrates the history of changes in electric double layer models with 

consideration of the size of electrostatically adsorbed ions and charge neutrality being 
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satisfied in the interphase of the electrode and electrolytes and the electrolytes 

themselves. 

The first model, which was introduced by von Helmholtz, describes the electric double 

layer at the interface of colloidal particles [2.3]. In the model, the charges on the surface 

side of the double layer arise from acid-base ionization. On the other side, counter ions 

of opposite sign accumulate to balance the charge on the colloid, forming a 2-

dimensional double-layer array of positive and negative charges. The potentials linearly 

vary with an increase in distance from the colloid surface and then remained as the 

potential of the solution (Ψs). 

Later, a double layer model expanded to a metal electrode surface that was contacted 

with a solution containing cations as well as anions was developed by G. Gouy [2.4]. 

Because of the high free electron density of the metal, any net charge density of electrons 

at the surface is strongly screened; thus, the gradient of electron density at a charged 

metal interphase is highly localized over a distance of 0.05 to 0.2 nm, the so-called 

Thomas-Fermi screening distance. There is significant spillover of electron density into 

the double layer on the solution side of the interphase [2.5], and the effect is potential 

dependent, as illustrated in Fig. 2.6. The Gouy model also adopted the Boltzmann 

principle that thermal fluctuation affects the position of mobile ions located on the 

solution side, i.e., a double layer on that side would not remain static in a compact array, 

which is the case described in the Helmholtz model. Therefore, the electron charges of 

the surface were envisaged as a 3-dimensional diffusely distributed population of cations 

and anions of the electrolyte having a net charge density equal and opposite to the virtual 

2-dimensional electron excess or deficit charge on the metal surface. 
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Figure 2.5 Models for the double layer: (a) Helmholtz model, (b) Gouy point-

charge model (specific charges σ per unit area as indicated for anions and cations 

as an example), and (c) Stern model for finite ion size with thermal distribution, 

combining the Helmholtz and Gouy models [2.6]. 
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Figure 2.6 Profiles of electron density at the surface of an electrode at three 

potentials corresponding to: ① positive surface charge density, ② zero charge 

at the potential of zero charge, and ③ negative charge density [2.6]. 
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Because the Gouy model considered charges as point charges, this model led to the 

incorrect prediction of the potential profile and local field near the metal surface and a 

too high electric double layer capacitance compared with real conditions due to the 

unlimited concentration of opposite point charges on the electrolyte side. 

The Stern model (Fig. 2.5 c) [2.7] has remained a good basis for general interpretations 

of the electric double layer model and was deduced from the combination of the previous 

two models (the Helmholtz and Gouy models). This model was developed based on 

electrostatically adsorbed counterions having a finite volume (Helmholtz layer) and a 3-

dimensionally distributed diffuse layer (diffuse layer), which satisfied the charge 

neutrality. 

More details of the inside structure of the Helmholtz layer related to the relative size 

and hydration degree of cations and anions were investigated by Grahame [2.8]. 

Generally, the size of anions was larger than that of the cations, and cations were retained 

in the hydration shell due to strong ion-solvent interaction. Therefore, Grahame 

distinguished the structure of the electric double layer of the electrolyte side into 3 layers 

(Fig. 2.7): inner and outer Helmholtz layers and a diffuse layer. According to the model, 

if the surface of the electrodes was negatively charged, anions with a relatively lower 

degree of hydration formed the inner Helmholtz layer, and hydrated cations constructed 

the outer Helmholtz layer.  

The electric double layer capacitance (Cdl) is expressed as the equation below based 

on a series relation between the Helmholtz layer capacitance (CH) and the diffuse layer 

capacitance (Ddiff): 

 

diffHdl CCC

1
+

1
=

1
                          (2.10) 
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Figure 2.7 General representation of the structure of the double layer showing 

different regions of hydrated cations and less hydrated anions (Grahame model 

[2.8]), together with solvent molecules and an adsorbed neutral molecule [2.6].  
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Numerically, Cdl is expressed by the following equation, which is adopted in 

conventional capacitor theory 

 

d

Aεε

dE

dQ
C r

dl
0==                            (2.11) 

 

where Q and E are the charge passed and the electrode potential, respectively. ε0, εr, 

A, and d are the dielectric constant of the vacuum and the electrolytes, surface area of 

the electrode, and thickness of the electric double layer, respectively. 

The exceptionally high capacitance of electric double layer capacitors compared with 

conventional dielectric-based capacitors is due to an extremely small “d” as well as a 

high “A”. 

The thickness of the electric double layer, which is dependent on the concentration of 

the electrolyte and the size of adsorbed ions, ranges from 5 - 10 Å. Using a mathematical 

approach and experiments, it has been revealed that the areal-normalized Cdl (μF/cm2) 

usually ranges from 10 - 70 [2.9, 2.10] Therefore, carbon-based materials, including 

activated carbon, carbon nanotubes (CNTs), and grapheme, which exhibit a high 

specific surface area as well as high electrical conductivity, have been widely 

investigated to develop high-performance electric double layer capacitors. 

 

/g)(mareasurfacespecific×)(F/mecapacitancareal=(F/g)C 22
dl    (2.12) 
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2.2.2. Pseudocapacitance 

 

The other type of capacitive behavior, “pseudocapacitance”, arises in some surface 

electrosorption processes and intercalation reactions at the outer surface of the electrode 

or, more generally, the tunnels or interslab space (inner surface) developed inside of 

electrodes, which has already been reviewed in section 2.1. This mechanism is faradic 

in origin and involves the passage of charge across the double layer; upon the 

electrosorption or intercalation of electrolytes ions, changes in the valence state of 

pseudocapacitive electrode materials and supply or removal of electrons from the 

external circuit occur simultaneously. 

The mechanism of pseudocapacitance is distinguished from that of an ideal battery in 

that the charge required for the progression of electrode processes is a continuous 

function of the potential; then, the derivative dq/dv corresponds to a capacitance but one 

of a faradic type, while the potential is invariant with the state-of charge in ideal batteries 

[2.11] 

Because pseudocapacitive behavior occurs on an electrode surface (inner and outer) 

with high electrochemical reversibility, phase changes or microstructural reconstruction 

are not involved. Generally, transition metal oxides, e.g., manganese, nickel, cobalt, and 

molybdenum oxides and conducting polymers, e.g., polyaniline and PEDOT, belong to 

the category of pseudocapacitive materials. 

Surface chemisorption is the one mechanism utilized in pseudocapacitance. The 

electrochemical reaction below provides one example of surface chemisorption: the 

potential dependence of coverage “Θ” of an electrode surface by faradaically deposited 

or desorbed electroactive species “H”.  
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θVθC

OHMHeMOH

H

ads

-1

+•++

+

2
-+
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                (2.13) 

 

where CH+ is the concentration of H+ ions and Θ is the fraction of surface coverage by 

electroactive H+ ions. 

A Langmuir-type electrosorption isotherm for the adsorption of H on an electrode can 

be written in the simplest way as [2.12, 2.13] 

 

)exp(=
-1

+
RT

VF
KC

θ

θ
H

                       (2.14) 

 

where KCH+ is the equilibrium constant of eqn. (2.13). V, F, R, and T are the electrode 

potential, faraday constant, gas constant, and absolute temperature, respectively. 

Thermodynamically, the surface chemisorption required condition for the formation 

of adsorbed monolayers before bulk phase transformation is that the Gibbs free energy 

of the H-to-H or M-H bonds be lower than that for H-H or for the intermetallic bonds in 

the bulk phase of the deposited base material: 

 

22/1< HMH GG
ads

                           (2.15) 

 
If the electrochemical system satisfies the above criterion, pseudocapacitance (CΦ) 

arises and is expressed as follows, as derived from eqn. (2.14): 

 

dV

θd
qCφ 1=                              (2.16) 
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where q1 is the charge for the formation of a monolayer of H on M.  

Surface chemisorption is usually affected by the interaction between surface adsorbed 

ions. This effect may be considered in an oversimplified way by introducing a lateral 

interaction energy term “gΘ” into an isotherm with the same configurational Gibbs free 

energy term RTlnΘ/(1-Θ). Then, the electrosorption isotherm becomes of the Frunmkin 

type:  
 

)exp()-exp(=
-1

+
RT

VF
CθgK

θ

θ
H

                 (2.18) 

 

where Kexp(-gΘ) is a coverage-dependent adsorption equilibrium constant. For g>0, 

the repulsion force between adsorbed electroactive species is dominant. 

Upon consideration of interaction, the pseudocapacitance can be written as 

 

)-1(+1

)-1(
= 1

θθg

θθ

RT

Fq
Cφ                        (2.19) 

 

This relationship indicates that the maximum pseudocapacitance can be obtained 

when half of the surface sites are occupied by electroactive species. The effect on the 

interaction factor “g” on the changes in the pseudocapacitance as a function of electrode 

potential is illustrated in Fig. 2.8. 

The other mechanism utilized in pseudocapacitance is “intercalation capacitance”. 
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Intercalation capacitance usually arises in crystalline transition metal oxide materials 

with well-developed inner surfaces, e.g., tunnels or interslab space, which facilitate the 

solid-state diffusion of electrolyte ions into the host, while the original crystallographic 

structure of electrode materials is maintained with slight changes in the lattice 

parameters. 

The current related to the intercalation process measured under a potentiostat method, 

e.g., linear sweep voltammetry (LSV) or cyclic voltammetry (CV), is given as [2.14] 

 

)()/(= 2/12/12/12/1* btχνπRTNFαDnFACi              (2.20) 

 

where n, C*, D, α, and ν are the moles of electrons involved in the intercalation process, 

concentration and diffusivity of electroactive species, symmetric factor, and scan rate, 

respectively. 

Experimentally, the changes in the valence state of pseudocapacitive materials during 

the potentiostat testing method can be determined using the following equations: 

 

dtiδdFAdVCdQ φ =×==                   (2.21) 

dt

dV

dV

δd
FAi =                            (2.22) 

 

where dδ represents the changes in the valence state of electrode materials. 
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Figure 2.8 Coverage (Θ) isotherm and pseudo capacitance (CΦ) as a function of 

electrode potential for an electrosorption process involving a zero and positive 

(repulsion) g value [2.6]. 
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2.2.3. Comparison of two mechanisms of capacitance 

 

In this section, a comparison of the two mechanisms utilized in electrochemical 

capacitors regarding the energy storage mechanism and corresponding electrochemical 

performances is presented. 

Table 2.1 shows the mechanistic differences between the two mechanisms with respect 

to the type of electrode materials and the involved charge during the energy storage 

process. Table 2.2 compares the electrochemical performances collected from the 

literature based on the type of electrode materials and electrolytes (aqueous and non-

aqueous). 

The energy density “E” and power density “P” of electrochemical capacitors are 

defined as 

 

                 2

2

1
=)( CVstorageE                        (2.23) 

ESR

V
outputE

4
=)(

2

                        (2.24) 

 

where C, V, and RES represent the specific capacitance (F/g), operating potential (V), 

and equivalent circuit series resistance (Ω), respectively. 
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Electric double layer 

capacitance 
Pseudocapacitance 

Site of  
energy storage 

Outer surface Outer and inner surface 

Origin of energy 
storage 

Electrostatic charge 
accumulation 
(non-faradic) 

Surface chemisorption 
and 

intercalation 
(faradic) 

Types of charged 
species involved 

Delocalized free electrons Valence band electrons 

Density of 
charges involved 

0.17 - 0.2 e-/atom 1 - 3 e-/atom 

Characteristics 
Relatively high power and 

lower energy density 
Relatively high energy 

and lower power density 

Electrode 
materials 

Carbon-based 
(activated carbon, CNT, 

graphene) 

Transition metal oxides 
and conducting polymers 

Table 2.1 Comparison of the two mechanisms utilized in the energy storage of 

electrochemical capacitors. 
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Electrical double layer 

capacitors 
Pseudocapacitors 

Electrodes Carbon-based materials Metal oxides
Conducting 
polymers 

Electrolytes Aqueous Non-aqueous Aqueous 
Non- or 
aqueous 

Operating 
potential  

(V) 
1 3 1~2 1~3 

Specific 
capacitance 

(F/g) 
100~200 40~80 300~760 400~500 

Specific 
energy density 

(Wh/kg) 
1~3 2~10 0.8~2 3~15 

Specific 
Power density 

(kW/kg) 
0.8~5 0.5~3 < 10 4 

Table 2.2 Comparison of electrochemical performances between electric double 

layer capacitors and pseudopacitors. 
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2.2.4. Charging/discharging behavior 

 

EDLC and pseudocapacitance share the common phenomenon that the 

electrochemical process occurs on the surface (inner and outer) of the electrode material 

but are distinguished by the storage mechanism (faradic vs. non-faradic). This difference 

is reflected by the charging/discharging behavior, as illustrated in Fig. 2.9. 

Comparing the behavior under the galvanostat method (Fig. 2.9 A and B), an ideal 

EDLC exhibits a linear variation of potential with charge passed or state of charge (Q), 

while the pseudocapacitor exhibits a continuous change of slope (dE/dQ) during the 

charging/discharging processes. The meaning of the slope is 

 

CdQ

dE 1
=                          (2.25) 

 

From the above equation, it is revealed that the capacitance of the EDLC is 

independent of the electrode potential, while that of the pseudocapacitor is strongly 

dependent on the electrode potential. This difference is due to the faradic nature of 

pseudocapacitors, where the electrochemical reaction occurs at a specific potential and 

overpotential (ohmic, activation, and concentration overpotentials). The cyclic 

voltammogram (CV) of an ideal EDLC (Fig. 2.9 C) has characteristics of a mirror image 

and a low time constant (fast switching of current upon reversal of potential sweep 

direction). That of the pseudocapacitor also exhibits the typical CV shape of an EDLC 

(typically, 5-10% of the total charge is stored by the EDLC mechanism in 

pseudocapacitors); however, a pair of peaks (anodic and cathodic) was additionally 

observed due to the faradic process: surface chemisorption and intercalation process. 
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Figure 2.9 Schematic representation of charging discharging behavior of an 

ideal electric double layer capacitor (A and C) and a pseudocapacitor (B and D). 

Figs. A and B show the energy storage behavior observed using the galvanostat 

(constant current charging/discharging) method, and Figs. C and D show the 

energy storage behavior observed using the potentiostat (cyclic voltammetry) 

method. The shaded area in Figs. A and B represents the stored energy by EDLC 

and pseudocapacitors. 

  



 
Chapter 2: Theoretical background 

42 

2.3. Physics in Li ion batteries (LIBs) 

 
Li-ion batteries (LIBs) are specialized energy storage-oriented devices exhibiting one 

order of magnitude higher energy density compared with electrochemical capacitors. 

Energy storage in LIBs is determined by the chemical potential difference between the 

positive (generally, Li-incorporated transition metal oxides or phosphates) and negative 

(graphite, Si, Sn, etc.) electrodes. More specifically, LIBs store electrochemical energy 

through two types of faradic mechanisms, classified by whether a phase transition occurs 

during the charging/discharging process.  

In this section, the detailed mechanism and fundamentals for the two charge storage 

mechanisms, “topotactic insertion: intercalation” and “reconstruction”, are reviewed. 

The characteristics of representative cathode materials with respect to crystallographic 

information and the performance degradation mechanism during repeatable cycling are 

also described.  
 

2.3.1. Charge storage mechanism 

 

When a Li ion is inserted into an electrode material, the changes in the microscopic 

features can be divided into the three cases shown in Fig. 2.10. The first case, “topotactic 

insertion: intercalation” (Fig. 2.10 A), occurs due to randomly occupied guest species in 

galleries or tunnels in the host materials, and their diffusion occurs due to the chemical 

potential gradient. In this type of insertion process, the changes in the potential are 

continuously varied with the state of charge (concentration of Li ions in the host 

materials) (Fig. 2.11 A). 

The other type of insertion process, “reconstruction reaction” (Fig. 2.10 B and C) is 
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distinguished from the first case in that the reconstruction and movement of the 

interphase between the original host material and the Li ion-inserted material are 

induced. If the host material contains more than two discrete sites with different Gibbs 

free energies, the occupation of the guest species proceeds gradationally rather than each 

site being occupied simultaneously without a preferred sequence. In the electrode stored 

energy via a reconstruction reaction, the potential change during charging/discharging 

exhibits a plateau region at a specific potential (Fig. 2.11 B) 

The different potential change behaviors with the type of insertion reaction are 

explained by considering the Gibbs phase rule and the relationship between the Gibbs 

free energy of the insertion reaction and electrode potential: 

 

2+-= PCF                       (2.26) 

nFEG -=Δ                        (2.27) 

 

where F, C, and P are the degrees of freedom and number of components and phases 

in a given system, respectively. 

The insertion reactions shown in Fig. 2.10 have the same number of components 

(C=2). For the intercalation and reconstruction reaction, the number of phases (P) is 1 

and 2, respectively. If the temperature and pressure of the electrochemical system during 

the insertion reaction is fixed, the degrees of freedom of intercalation is “1” and that of 

the reconstruction reaction is “0”. Accordingly, the potential induced by intercalation is 

changed freely with the state of charge, while that induced by reconstruction should be 

fixed due to the absence of the degree of freedom. 

For the intercalation process, only one phase exists for the entire range of the 

concentration of guest species (below the solubility limit), as observed in Fig. 2.11 C, 
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because topotactic insertion occurs. However, upon the onset of the reconstruction 

reaction, two phases, denoted as α and β in Fig. 2.11 D, coexist until the reconstruction 

reaction is complete. 

The changes in the Gibbs free energy (ΔG) within the region of coexistence of the 

two phases are fixed and independent of the concentration of guest species. According 

to eqn. (2.27), the electrode potential within the region is given as a fixed value. Because 

the ΔG of the electrodes experiencing the intercalation is a continuous function of 

concentration, the electrode potential is dependent on the state of charge (the 

concentration of guest species). 

The potential change as a function of the concentration of occupied guest species for 

the intercalation process is given as 

 

)
-1

ln(-)(-.= *

3/2

x

x

Fz

RT

m

x
constE

i

                (2.28) 

 

where x and m* are the concentration of guest species in the host materials and the 

effective mass of an electron, respectively. 
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Figure 2.10 Schematics of insertion behavior of guest species into host materials 

during electrochemical charging or discharging: (A) random diffusion into the 

galleries or tunnels, (B) movement of the interphase layer with random 

occupation of guest species, and (C) movement of the interphase layer with 

periodic occupation of guest species. 
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Figure 2.11 Potential profiles as a function of the state of charge (Q) of the 

electrode materials for topotactic insertion (intercalation) (A) and the 

reconstruction mechanism (B). Gibbs free energy with concentration of Li in the 

electrode associated with intercalation (C) and the reconstruction mechanism 

(D). 
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2.3.2. Crystallographic characteristics of cathodes 

 

 

Table 2.3 Comparison of cathode materials with respect to crystallographic 

information including the arrangement of transition metal cations and oxygen, 

and the tunnel structure, which are widely used for Li-ion batteries. The crystal 

structures of each cathode material were adopted from [2.15]. 

 

 Layered 
Spinel 

(normal) 
Olivine 

Materials 
LiCoO2, LiNiO2, 

Li(Ni1/3Co1/3Mn1/3)O2

LiMn2O4, 
Li4Ti5O12 

LiFePO4 

Space group 
R3m  

(rhombohedral) 
F3dm  

(cubic) 
Pmnb 

(orthorhombic) 

O2- structure FCC FCC HCP 

Site of metal 
cation 

Octahedral Octahedral Octahedral 

Site of Li+ Octahedral Tetrahedral Octahedral 

Site of other 
cation 

- - P (tetrahedral) 

Dimension of 
Tunnel 

2D 3D 1D 

Crystal 
structure 
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2.3.3. Degradation mechanism of cathodes during cycling 

 

In this section, the degradation mechanism of the electrochemical performance of the 

layered-structure cathode during repeated charging/discharging cycles is reviewed. The 

electrochemical reaction of the cathode during charging/discharging is written as 

 

2
-+

2-1 ++ LiMOxexLiMOLi x →            (2.29) 

 

where, transition metal “M” is Ni, Co, or Ni1/3Co1/3Mn1/3. 

In the fully discharged state (x=0), the microstructure of LiMO2 is denoted as “O3”, 

in which an identical Li sublattice is repeated at every third MO2 layer. Due to the 

electrostatic repulsion between individual MO2 slabs as lithium is deintercalated from 

the host materials, the phase reconstruction into “O1” is induced by the sliding of the 

MO2 slab [2.16-18]. The final phase formed by reconstruction is strongly dependent on 

the composition of the cathodes [2.19]. The phase reconstruction occurring in this case 

is an irreversible process such that the degradation of the capacity occurs if the high 

potential limit is higher than the onset potential of the phase transition. 

Figure 2.12 shows the phase transition procedure with the concentration of Li ions for 

three representative layered-structure cathodes. The Li concentrations (x in Li1-xMO2)-

induced phase transition for LiNi1/3Co1/3Mn1/3O2, LiNiO2, and LiCoO2 are 0.8, 0.75, and 

0.5, respectively. Based on systematic experiments of the capacity depending on the 

high cut-off potential as well as the phase transition as a function of the deintercalation 

states (Fig. 2.13), it is revealed that an irreversible phase transition is detrimental to 

cycling stability. 

The LiFP6 salt in the liquid-state electrolytes decomposes with an increase of potential 
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[2.20], and the oxidation of PF6
- ions occurs at approximately 5 V vs. Li/Li+. The product 

resulting from the electrolyte decomposition (Fᆞ) [2.21] uptakes the trace amount of 

H2O molecules present in the electrolyte, and HF is formed. 

The formed HF attacks the surface of the cathode materials via the autocatalytic 

corrosion reaction given below [2.22]: 

 

OHFMLiFHFLiMO n
2

-+
2 2+3++4+ →          (2.30) 

HFPOFLiFLiPFOH 2+++ 362 →             (2.31) 

 

One component of the product of the reaction (2.30) “LiF” is known as the source of 

the solid-state electrolyte interphase (SEI) layer, which hinders the diffusion of Li ions 

as well as the charge transfer process. The other product “Mn+” is the dissolved transition 

metal cations from the 3b layer of the cathodes and leads to a continuous loss of active 

materials. 

It is also well known that the irreversible chemical reaction between the electrolyte 

and active materials is accelerated with an increase of the high cut-off potential [2.23]. 
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Figure 2.12 A phase map as a function of the concentration of Li ion during the 

charging process for three layered-structure cathodes (LiNiO2, LiCoO2, and 

LiNi1/3Co1/3Mn1/3O2).  

 

 

 

Figure 2. 13 Cycling performances of LiNi1/3Co1/3Mn1/3O2 with various high cut-

off potentials (A) and XRD patterns of LixNi1/3Co1/3Mn1/3O2 with different states of 

lithiation (B) [2.17]. 
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2.4. Comparison of ECs and LIBs 

 

Thus far, the fundamentals of electrochemical energy storage and physical and 

phenomenological characteristics of electrochemical capacitors (ECs) and Li-ion 

batteries (LIBs) have been reviewed. 

All of the energy devices can placed in a “Ragone plot”, which is an indicator of the 

status of certain energy devices. As illustrated in Fig. 2.14, ECs are specialized devices 

for high power performance enabled by their fast surface-related mechanism, while 

LIBs are suitable for high energy density utilized by intercalation as well as bulk-type 

electrochemical reactions. Figure 2.15 is arranged to categorize the electrochemical 

mechanisms associated with the utilized energy storage systems. 

 
 

Figure 2.14 Specific power vs. specific energy, called a Ragone plot, for various 

electrical energy storage devices. The times indicated are the time constants of 

the devices, which are obtained by dividing the energy density by the power 

[2.24]. 
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Figure 2.15 A picture of the categorization of electrochemical mechanisms 

associated with the characteristics and utilized energy storage systems 

(electrochemical capacitors and Li-ion batteries). 
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CHAPTER 3 
 
Experimental procedures 
 

 

3.1. Sample preparation 

 

3.1.1. Synthesis of MnOx nanofibers 

 

Manganese (III)-acetylacetonate (Sigma Aldrich) was dissolved in 

dimethylformamide (DMF, Sigma Aldrich) with the aid of acetic acid, which promoted 

the solubility of the manganese precursor. Polyvinylpyrrolidone (PVP, Mw: ~ 1,300,000, 

Sigma Aldrich) was also dissolved in the same mass of DMF used for dissolving the 

manganese (III)-acetylacetonate. The two solutions were mixed together with stirring 

for 1 h. The compositions of the Mn precursor (manganese (III) acetylacetonate) and 

organic matrix (PVP) in the combined mixture were 10 and 15 wt. %, respectively. 

Electrospinning was conducted with a DC voltage of 12.5 kV, a feeding rate of 0.6 ml/h, 

and a distance to the collector (Al foil) of 150 mm. The as-spun NFs were thermally 

calcined at 300 °C for 3 h in a furnace at a heating rate of 3 °C /min under air and ambient 

O2 atmosphere. 
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After thermal calcination, the thermally calcined MnOx NFs were dispersed in 30 ml 

of ethanol (Sigma Aldrich) via ultrasonication, and multi-walled carbon nanotubes 

(MWCNTs) dispersed in ethanol (solid loading of 1 wt. %, Applied Carbon 

Nanotechnology Co., Korea) were added to the suspension at a mass ratio of 1/8 that of 

the MnOx NFs. The composite of MnOx NFs + MWCNTs was obtained by evaporating 

the ethanol with stirring. The slurry was synthesized by adding a solution of 

polyvinylidene fluoride (PVDF, Mw: ~ 534,000, Aldrich) dissolved in N-methyl-2-

pyrrolidone (NMP, Alfa Aesar) to the MnOx NFs + CNT composite powder. The mass 

ratio of the MnOx NFs:MWCNT:PVDF was 8:1:1. The MnOx NF-based electrode was 

fabricated by coating the slurry on carbon fiber paper (CFP) (AvCarb® MGL 190, 

Ballard Materials Product Inc., USA) with a mass loading of 1.2 mg/cm2 using a brush. 

 

 

 

 

Figure 3. 1 Schematic illustration of the electrospinning process and the 

structure of the as-spun nanofibers (NFs) and the thermally calcined MnOx NFs. 
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3.1.2. Synthesis of sputtered ZrO2 on Li(Ni1/3Co1/3Mn1/3)O2 

 

The layered-cathode material “LiNi1/3Co1/3Mn1/3O2, called as NCM333)” (supplied by 

Johnson Controls Inc. Milwaukee, WI USA) was used as the starting material for the 

ZrO2 surface coating. The average particle size of the NMC333 was approximately 12 

μm, and each primary particle was composed of multiple grains with sizes ranging from 

1 to 5 μm. 

As mentioned in Chapter 1, the radio frequency (RF) sputtering system was modified 

to enhance the coating uniformity even on the clusters of sphere-shaped powders. Figure 

3.2 presents photographs of the modified sputtering system developed by our group. 

Partial modification was performed on the holder, where electrode materials for LIBs 

were loaded. The power holder is held by a stainless steel beam at 4 edges of the holder, 

and mechanical vibration motors are attached to the steel beam. During the sputtering 

process, vibration motors induced continuous rotation and bounce of the powder of 

electrode materials to secure the uniform exposure of the surface of the active material 

to sputtered clusters from the target, leading to a uniform surface coating. Details of the 

sputtering condition of ZrO2 onto the NCM333 are listed in Table 2.3. 

To investigate the electrochemical performance of the ZrO2-coated NCM333, 

composite electrodes were prepared from the powders (bare NCM333 and 

ZrO2/NCM333 (sputtering times: 1, 1.5, 2, and 3 h)), carbon black and polyvinylidene 

fluoride (90:5:5) in N-methylpyrrolidinon. The performance was evaluated using 

inorganic solid-state electrolytes and the all-solid-state cell shown in Fig. 3.3. The glassy 

solid-state electrolyte was fabricated by mechanical ball milling from a mixture of Li2S 

and P2S5 with a molar percent (mol. %) of 77.5 and 22.5, respectively. Each layer in the 

all-solid-state cell was fabricated using the pelletizing method with a pressure between 
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1 - 5 metric tons. To investigate the electrochemical performance of the ZrO2-coated 

NCM333, composite electrodes were composed of the prepared powders, solid-state 

electrolyte, and carbon black and polyvinylidene fluoride (70:30:2). 

 

 

 

Figure 3.2 Photographs of the modified sputtering system (A) and a part of the 

powder loading holder (B). Four vibration motors were attached to each corner 

of the holder part to induce continuous movement of the powders. 

 

 

 

 

 

 

 

 

 

Table 3.1 Sputtering condition of the amorphous ZrO2 surface coating. 

 RF-sputtering condition 

Target Zr (99.99 % purity) 

Sputtering power (W) 80 

Sputtering time (h) 1, 1.5, 2, and 3 h 

Gas flow rate (sccm) Ar (19) + O2 (1) 
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3.2. Electrochemical analysis 

 

3.2.1. Electrochemical analysis on MnOx NFs for ECs 

 

Galvanostatic oxidation and cyclic voltammetry of the MnOx NF-based electrode were 

performed in a three-electrode cell using a multichannel ZIVE MP2A (Wonatech, Korea) 

potentiostat/galvanostat with an aqueous 1 M Na2SO4 electrolyte solution (ACS reagent, ≥ 

99.0 %, Sigma-Aldrich). The working electrode was the electrospun MnOx NF-based 

electrode. The counter and reference electrodes were Pt foil and a saturated calomel 

electrode (SCE), respectively. Galvanostatic oxidation was conducted using a constant 

anodic current density of 0.01 mA/cm2 for 120 h, and the oxidation process was started at 

the open circuit potential (OCP) of the MnOx NFs. Cyclic voltammetry measurements were 

performed in a potential sweep range between 0 and 0.8 V vs. SCE for 1000 cycles, and the 

effect of the potential scan rate was investigated using scan rates between 5 and 100 mV/s. 

 

3.2.2. Electrochemical analysis on ZrO2/NCM333 for LIBs 

 

The investigation of the electrochemical performances under an organic liquid-state 

electrolyte was performed using a 2032 coin-type cell using 1 M LiPF6 in an EC:DEC 

(1:1 volume ratio) electrolyte and Li metal as the anode. Cycling testing was conducted 

by constant current followed by holing the constant voltage (4.5 V for 30 min) for the 

potential range of 3.0 - 4.5 V vs. Li/Li+, and the C-rate was fixed to 1C (relative to 160 

mAhg-1), except for the first 2 cycles (formation cycles, C-rate of C/4). The 

electrochemical analysis of the all-solid-state cells was conducted with the pelletized 

In2Li alloy as the anode as well as the reference electrode.  
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AC impedance was performed using a Solatron 1280C in the frequency range of 20,000-

0.001 Hz. Impedance measurements were taken on the 3rd, 30th, 60th, 100th, 150th, and 

200th cycles (1C-rate cycling, 3.0-4.5 V) for the fully charged state. For the GITT 

measurements, a constant current flux was supplied for 2,250 sec (~ C/10-rate) followed by 

an open circuit stand of the cell for 3,600 sec. This procedure was continued for the full 

charge voltage range (3.0 - 4.5 V), varying the composition x in Li1-x(Ni1/3Co1/3Mn1/3)O2. 

 

 

 

 

 

Figure 3.3 Configuration of all-solid-state cell (A) (the thickness of each layer 

is indicated on the left side of the figure). Schematic of the working electrode 

composed of NCM, solid-state electrolytes, and acetylene black (B). 
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3.3. Microstructural and chemical analysis 

 

The morphology was observed using a field-emission scanning electron microscope 

(SUPRA 55 VP, Carl Zeiss and S4800, Hitachi) and transmission electron microscope 

(JEM-3000F, Jeol). The crystalline phase of the MnOx NFs and ZrO2-coated NCM333 

was analyzed using an X-ray diffractometer (New D8 Advance, Bruker AXS) with Cu 

K (l = 0.154 nm) radiation. X-ray photoelectron spectroscopy data were collected on 

sputter-cleaned surfaces using a PHI 5000 Versa Probe (ULVAC-PHI) and a 

monochromatic Al K X-ray source (1486.6 eV). The source power was maintained at 

24.5 W. The massive concentration analysis on the dissolution of the Mn ions was 

analyzed using inductively coupled plasma-optical emission spectroscopy (ICP-OES) 

(720-ES, Varian). For the analysis of the chemical element distributions, cross-sectional 

samples were prepared from the cycled (1C-rate, 3.0-4.5 V) fully charged bare NCM333 

and ZrO2-coated NCM333 electrodes using a dual-beam focused ion beam (FEI, Nova 

Nanolab 200) equipped with energy dispersive X-ray spectroscopy. 
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CHAPTER 4 
 
Phase Control of MnOx Nanofibers Using 
Electrochemical Oxidation Method 

 

This study on electromigration as the cause of compositional variation may provide 

useful information to predict failure in phase change materials. 

 

4.1. Introduction 

 

Electrochemical capacitors (ECs) have attracted great attention as promising devices 

for sustainable and environmentally friendly energy sources. The energy density of ECs 

must be enhanced before they can be employed in practical applications ranging from 

portable electronic devices to electric vehicles (EVs). Therefore, transition-metal-oxide-

based electrodes, e.g., manganese [4.1-4.5], nickel [4.6], iron [4.7], and molybdenum 

oxides [4.8], have been intensively investigated because of the pseudocapacitance 

involving their valence electrons and high reversibility [4.9]. Manganese oxides are the 

most promising candidates because of their high theoretical capacitance, low cost, and 

natural abundance [4.10, 4.11]. The manganese in manganese oxides can assume 

various oxidation states; however, MnO2 exhibits superior electrochemical performance 

compared with low-valence MnOx (x < 2) (Mn3O4 and Mn2O3) because its additional 
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capacitive mechanism, which is known as intercalation pseudocapacitance [4.8, 4.9] and 

constitutes the major capacitive portion of MnO2, can be utilized [4.12].  

Previously, MnO2 nanoparticles were employed to increase the surface area of the 

electrode [4.13]. However, due to the agglomeration of particles, a densely packed 

structure was formed, resulting in the specific surface area, and electrolyte ions could 

not access the micropores located in the interparticle space [4.14, 4.15]. In addition, the 

poor interparticle contact caused a high contact resistance.  

To further increase the surface area and reduce the electrical resistance, a thin layer of 

MnO2 was coated on conductive carbon-based materials (activated carbon, carbon 

nanotubes (CNTs), and graphene) [4.16-4.18]. However, because the film thickness was 

extremely thin, a high mass loading was not possible for this method. The effect of the 

electrical double layer capacitance (EDLC) of the carbon materials hardly contributed 

to the total capacitance because of the MnO2 surface layers. 

1-D nanofibers (NFs) are expected to be promising for achieving high capacitance and 

would be practical in terms of availability. The main advantage of NFs is their ability to 

overcome the poor cation diffusivity and electrical conductivity of Mn oxides that result 

in their low degree of utilization [4.1, 4.19]. This advantage is due to their high aspect 

ratio (length/diameter), which enhances the electrical resistance [4.20, 4.21]; their open 

structure with well-connected pores, which allows the electrolyte to diffuse through the 

material; and their nanoscale dimensions, which reduce the diffusion distance. 

Electrospinning is currently the best-known method for fabricating 1-D nanostructures. 

Electrospun NFs have been fabricated from a solution containing a metal (Mn) precursor 

and an organic matrix as a fiber former by electrostatic repulsion force. Then, thermal 

calcination was performed to form the metal oxide NFs by combusting the organic 

content. However, the performance of the manganese oxide NFs was still unfortunately 
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limited because low-valence MnOx NFs, such as MnO, Mn3O4, Mn2O3, or their mixtures 

[4.22-4.24], were present instead of MnO2 after the thermal calcination. The huge mass 

of the organic materials presented in the as-spun NFs, which is typically a few tens 

greater than that of metal ions, is one of the main reason for the low valence of Mn. 

Therefore, even though the oxygen concentration was high during the calcination (pure 

O2 environment), the oxidation state of Mn of the thermally calcined manganese oxide 

NFs was below 4. 

To increase the valence of manganese and fabricate a 1-D NF structure with the most 

desirable δ-MnO2 phase, post-electrochemical oxidation of the MnOx NFs is a promising 

solution. To date, cyclic voltammetry (CV) oxidation methods have been widely used 

to oxidize low-valence MnOx for capacitor applications [4.25, 4.26]. However, the 

repeated negative potential sweeps led to problems with the method; Mn2+/3+ ions, which 

have finite solubility in the aqueous electrolyte [4.27], were dissolved from the electrode; 

consequently, the reoxidation and precipitation of these ions occurred at the counter 

electrode [4.28]. In this study, galvanostatic oxidation (oxidation under a constant anodic 

current) was employed as a post-electrochemical oxidation process. During 

galvanostatic oxidation, the electrode potential can be determined from the applied 

current and oxidation time. Therefore, the oxidation reaction occurred at a specific 

potential, which could be controlled, and the oxidation of low-valence MnOx was 

completed. Significantly, any dissolution process resulting in the loss of low-valence 

MnOx was suppressed, enabling stable electrode construction because the continuously 

applied anodic current induced favorable oxidizing conditions.  

The degree to which MnO2 was formed by galvanostatic oxidation and the resulting 

electrochemical performances were largely impacted by the starting phase of the 

thermally calcined MnOx NFs, which was determined by the electrospinning solution 
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and thermal calcination conditions. Therefore, it is important to optimize the starting 

phase of MnOx by the careful control of these parameters. We successfully optimized 

the procedures to fabricate 1-D δ-MnO2 NFs and demonstrated that these structures 

exhibited outstanding performance compared with that previously reported for MnO2 

[4.3-4.5]. 

 

 

 

 

Figure 4.1 Comparison of previous approaches and electrospun nanofibers 

suggested in this study for manganese-oxide-based electrodes for 

electrochemical capacitors. 

  



Chapter 4: Phase Control of MnOx Nanofibers Using Electrochemical 
Oxidation Method 

64 

4.2. Optimization of electrospinning process 

 

Morphological features, including the average width of nanofibers, grain size, 

crystallinity, and fraction of grain boundaries, are known as the key factors determining 

the electrochemical performance of transition-metal-oxide-based electrodes for 

electrochemical capacitors. For electrospun inorganic nanofibers, the morphologies vary 

significantly with the conditions of electrospinning, e.g., the ratio of metal-precursor to 

organic matrix constituting the solution for electrospinning and the oxygen partial 

pressure and temperature of the post-thermal calcination process. Therefore, in this 

section, the effect of the variables listed above on the morphological characteristics of 

MnOx nanofibers are described in detail.  

 

4.2.1. Effect of precursor and organic matrix 

 

Figure 4.2 shows the effect of the Mn-precursor species and organic matrix materials 

on the morphology of the Mn oxide NFs after thermal calcination. The weight fractions 

in the electrospinning solution and thermal calcination conditions are described in Fig. 

4.2. The morphologies of the as-spun NFs (Figs. 4.2 A, C, and F) were similar, i.e., the 

fibers had the same average widths and areal densities. Spreading, collapse, and an 

increase in the NF width were observed when polyvinyl acetate (PVAc) was used as the 

organic matrix material (Fig. 4.2 B). The low glass transition temperature of the organic 

matrix was responsible for the morphological changes (Table 4.1). During thermal 

calcination, especially when the temperature was above ~ 30 °C, PVAc transformed into 

a glassy state that exhibited significant viscous flow.  

A comparison of Figs. 4.2 D and G reveals that the Mn nitrate-based NFs had leaf-like 
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surface morphologies with a high degree of roughness after thermal calcination, while 

the Mn acetylacetonate-based NFs had a smooth, straight 1-D structure. In addition, as 

illustrated in Figs. 4.2 E and H, the Mn nitrate-based NFs had spindle-shaped grains, 

which were larger than those of the Mn acetylacetonate-based NFs.  

Because the melting point of Mn nitrate is much lower than that of Mn acetylacetonate, 

the grains agglomerated easily and developed rough surfaces. Therefore, the Mn 

acetylacetonate + PVP-based MnOx NFs were used for further investigation because of 

their smaller grain size, which resulted in a high surface area and was beneficial for high 

structural integrity. 
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Figure 4.2 FE-SEM and TEM images of the as-spun and thermally calcined 

MnOx NFs fabricated with different Mn-precursor species and organic matrix 

materials (the solution compositions are listed on the left side, and all of the NFs 

were spun with 10 g of DMF and 0.8 ml of acetic acid). The thermal calcination 

conditions were the same for all of the samples (300 °C for 3 h in air with a 

ramping rate of 3 °C/min). 
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 Manganese precursors 

Materials 
Manganese (III) 

acetylacetonate 

Manganese (II) 

nitrate tetrahydrate 

Linear formula Mn(C5H7O2)3 Mn(NO3)2·4H2O 

Molecular weight 
(g/mol) 

352.26 251.01 

Melting point 
(°C) 

159 ~ 161 [4.29] 37 [4.29] 

Table 4.1 Material properties of the manganese precursors used in this study. 

 Organic matrices 

Materials 
Polyvinylpyrrolidone 

(PVP) 

Poly(vinyl acetate) 

(PVAc) 

Linear formula (C6H9NO)n [CH2CH(O2CCH3)]n 

Molecular weight 
(g/mol) 

~ 1,300,000 ~ 500,000 

Glass transition 
temperature (°C) 

~ 175 [4.30] 30 [4.31] 

Table 4.2 Material properties of the organic matrices used in this study. 
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4.2.2. Effect of composition and thermal calcination 

 

Figure 4.3 A shows the crystallographic phases of various manganese oxide NFs 

fabricated from solutions with different material species, compositions, and PO2 for 

thermal calcination. The mO/mMn ratio was calculated based on the assumption that DMF, 

acetic acid, and the hydrous component of the manganese precursor were completely 

evaporated during electrospinning. The phase of thermally calcined manganese oxide 

NF changed from Mn3O4 to Mn2O3 as the mO/mMn ratio and PO2 increased. However, the 

phases were limited to a single phase or mixture of low-valence MnOx (x < 2). Figure 

4.3 B presents the corresponding XRD patterns. 

The starting phase of the MnOx NFs was also dependent on the calcination temperature, 

as illustrated in Fig. 4.4. When the electrospinning solution had a composition of Mn 

acetylacetonate (10 wt. %) + PVP (15 wt. %), the crystallographic phase of the MnOx 

NFs after calcination at temperatures of 300 and 500 °C in air were Mn3O4 and Mn2O3, 

respectively. According to the phase transformation studies on MnO2 powders with an 

increase of temperature [4.32, 4.33], the MnO2 phase was transformed into Mn2O3 

(above ~ 470 °C) [4.32], and the Mn3O4 phase was finally obtained at 1000 °C [4.33] 

due to the release of oxygen from the lattice of manganese dioxide. Due to the existence 

of numerous organic materials present in the as-spun NFs, the transformation procedure 

and stable phase at certain conditions (temperature and PO2) was significantly different 

with the known world of metallurgy. From the above experimental result, it is confirmed 

that manganese oxide NFs with the phase of MnO2 were difficult to obtain using the 

thermal calcination process even though the composition of the electrospinning solution 

was changed. 
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Figure 4.3 (A) Phase map for the thermally calcined MnOx NFs as a function of 

the mass ratio (mass of oxygen (mO)/mass of manganese (mMn) loaded in the as-

spun NFs) and PO2 used during the calcination process. The composition of the 

top line (1 and 2): Mn acetylacetonate (10 wt. %) + PVP (16 wt. %); middle line 

(3 - 7): Mn acetylacetonate (10 wt. %) + PVP (15 wt. %); and bottom line (8 and 

9): Mn nitrate tetrahydrate (10 wt. %) + PVP (15 wt. %). (B) Corresponding 

XRD patterns. All of the NFs were thermally calcined at 300 °C for 3 h with a 

ramping rate of 3 °C/min. 
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Figure 4.4 FE-SEM (A) and TEM (B) images and the XRD pattern (C) of MnOx 

NFs thermally calcined at 500 °C for 3 h in ambient air. The electrospinning 

solution composition was Mn acetylacetonate (10 wt. %) + PVP (15 wt.%). 
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4.3. Phase transformation by electrochemical oxidation 

 

4.3.1. Electrochemical oxidation methods 

 

 Figure 4.5 shows two types of electrochemical oxidation methods using a 

potentiostat (cyclic voltammetry, A) and galvanostat (galvanostatic, B). The cyclic 

voltammetry (CV) oxidation method has been widely adopted as a phase-controlling 

technique [4.25, 4.26], especially for the transformation of low valence oxide materials 

into higher valence ones. In this method, the electrochemical reaction is driven by the 

potential sweep with a constant scan rate (ν): 

  

tνEE ±= 0                              (4.1) 

 

The CV oxidation method intrinsically incorporates disadvantages, which restrict the 

optimal phase transformation or oxidation process. During the negative potential sweep, 

there is the probability to induce an electrochemically irreversible reaction, although the 

positive potential sweep contributes to the oxidation reaction. As the potential 

approaches the negative potential limit, low-valence manganese ions “Mn3+” undergo 

the disproportionation reaction below [4.27]: 

 

+4+2+3 +→2 MnMnMn                        (4.2) 

 

Because the phase transformation into high valence manganese oxide (MnO2) cannot 

be completed by a single potential sweep, continuous dissolution, which is detrimental 

to the conservation of the mass of the active material initially loaded, occurs via reaction 
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(4.2). Furthermore, low-valence manganese oxides, e.g., Mn3O4 and Mn2O3, are 

involved in an irreversible phase transition during the CV process [4.28, 4.34]. 

The galvanostatic oxidation method using constant anodic current shown in Fig. 4.5 

B can effectively restrict the loss of active material during oxidation as well as the 

irreversible reaction mentioned above. 

When an anodic current is applied to MnOx-based electrodes, the electrode potential 

is initially increased with oxidation time. Then, if the electrode potential reaches the 

potential at which the electrochemical reaction, e.g., intercalation or reconstruction, 

occurs, the potential remains as a fixed value (reconstruction) or increases with gentle 

slopes (intercalation) according to eqn. (4.3).  

 

nF

G
E

Δ
-=                                (4.3) 

 

When the electrochemical reaction of the corresponding oxidation step is completed, 

the potential increases again. Therefore, galvanostatic oxidation is an electrochemical-

reaction-derived process under the oxidation dominant condition, which reduces the 

irreversible reaction and dissolution induced by the reduction environment. Furthermore, 

this oxidation method can precisely control the oxidation processes by modifying the 

oxidation current density and time, and the structural integrity of the electrodes is well 

maintained [4.35]. 

In this study, the galvanostatic oxidation method was adopted for the post-

electrochemical oxidation of MnOx (x<2) NFs, and the schematics of the procedure are 

shown in Fig. 4.7. The surface morphology of the as-spun NFs is shown in Fig. 4.7 A. 

Figs. 4.6 B - I present micrographs and XRD patterns of the NFs thermally calcined 
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under air (PO2: 0.21 atm) and ambient O2 (PO2: 1 atm) at 300 °C.  

After the thermal calcination, the NF diameter decreased from ~ 200 nm (as-spun NFs, 

Fig. 4.7 A) to ~ 100 nm without destroying the NF structure. In contrast to the vulnerable 

contacts between the as-spun NFs, strong junctions were formed between individual 

thermally calcined NFs. The junctions can enhance the electron transfer by reducing the 

contact resistance between the NFs [4.36]. The MnOx NFs thermally calcined under 

different PO2 levels were both composed of equiaxial grains with an average size of ~ 12 

nm. The phases of the MnOx NFs calcined under air and ambient O2 were Mn3O4 

(hausmannite, JCPDS No. 01-089-0437) and Mn2O3 (bixbyite, JCPDS No. 01-071-

0636), respectively. The HRTEM images of thermally calcined Mn3O4 (Fig. 4.7 D) and 

Mn2O3 (Fig. 4.7 F) NFs exhibit clear lattice fringes (examples of a crystallographic plane 

and the interplanar spacing are marked in the figure), indicating the high degree of 

crystallinity. The effects of the solution species, organic matrix/Mn precursor ratio, 

calcination temperature, and PO2 on the phase of the thermally calcined MnOx NFs were 

also confirmed (Figs. 4.3 and 4.4). When the electrospinning solution and calcination 

conditions were changed, only low-valence MnOx, e.g., Mn3O4, Mn2O3, or a mixture of 

two phases, was obtained after thermal calcination. Therefore, the thermally calcined 

Mn3O4 and Mn2O3 NFs in Fig. 4.6 were used as representative starting materials for 

post-galvanostatic oxidation. Based on the high degree of crystallinity observed from 

XRD (Figs. 4.7 E and I) and thermogravimetric analysis (TGA) on the as-spun NFs (Fig. 

4.6), it was confirmed that the amount of PVP present in the thermally calcined NFs, 

which were treated at 300 °C, was negligible. Therefore, the post-galvanostatic 

oxidation was not affected by the residual organic contents. 
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Figure 4.5 Comparison of electrochemical oxidation methods: (A) cyclic 

voltammetry and (B) galvanostatic oxidation. 

 

 

 

Figure 4.6 Thermogravimetric analysis (TGA) curves for as-spun MnOx NFs 

(Mn-acetylacetonate + PVP) obtained at a heating rate of 10 °C/min under 

ambient air (temperature range: 35 to 700 °C). 
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Figure 4.7 The fabrication procedure of MnO2 NFs: FE-SEM images of as-spun 

nanofibers (NFs) (A), NFs calcined in air (B), and O2 (F) and TEM and HRTEM 

images of NFs calcined in air (C, D) and O2 (G, H). XRD patterns of NFs 

calcined in air (E) and O2 (I) with bar-type peaks from the JCPDS cards. The 

plane indices corresponding to each crystallographic phase are indicated. 
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4.3.2. Phase transformation behavior 

 

Figure 4.8 presents the chronopotentiometry curves during galvanostatic oxidation, 

which were obtained using 1 M Na2SO4 (pH 6.2) as the electrolyte. The amount of 

charges applied during the galvanostatic oxidation was the same for both NFs because 

the anodic current density and oxidation time were fixed at 0.01 mA/cm2 and 120 h, 

respectively. In both curves, 2 regions of potential plateaus are observed; the thermally 

calcined Mn3O4 and Mn2O3 NFs exhibit plateau potentials of 0.73 and 0.95 V (denoted 

as pa1 and pa2) and 0.74 and 0.97 V (denoted as pa1’ and pa2’), respectively. The plateau 

regions in the chronopotentiometry curves indicate that faradaic electrochemical 

reactions occurred consistently in this region. Therefore, it can be assumed that the 

oxidation of both MnOx NFs proceeded through a 2-step mechanism. The oxidation of 

low-valence Mn2+/3+ ions to high-valence Mn4+ (MnO2) ions was proposed to occur 

according to the following mechanism: [4.37] 

 

-+3+2 + eMnMn →                           (4.4) 

-+
2

+
2

+3 +4+3+2+ eHMnOHMnOOHOHMn →→         (4.5) 

 

According to the report, the electrode potential of reaction (4.4) is lower than that of 

reaction (4.5). The 1st (pa1 and pa1’) and 2nd (pa2 and pa2’) plateau regions correspond to 

reactions (4.4) and (4.5), respectively. The degree of transformation is proportional to 

the amount of charges used in the oxidation process, and the charge is related to the 

product of the current density and the duration time of the potential plateaus. Therefore, 

the amount of charges used in the oxidation of thermally calcined Mn3O4 was greater 

than that used to oxidize Mn2O3, indicating that Mn3O4 was more completely 
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transformed into MnO2. 

The existence of a 2-step mechanism for the electrochemical oxidation of MnOx NFs 

is confirmed by comparing the first 2 cycles of the cyclic voltammograms of the MnOx 

NF electrode/CFP and the CFP-only samples (Figs. 4.9 and 4.10). The cyclic 

voltammetry measurements of MnOx NFs were conducted using a potential range of 0 

- 1.1 V and a scan rate of 2 mV/s. The first 2 cycles are depicted in Figs. 4.9 A and B. 

Both CVs of the MnOx NFs contained 2 anodic peaks and 1 cathodic peak at nearly the 

same potential (Table 4.3); however, the CVs had different peak current densities. By 

investigating the CV of CFP as a current collector (Fig. 4.10), it is confirmed that the 

current peaks observed in the CVs in Figs. 4.9 A and B were solely related to the 

electrochemical oxidation of the MnOx NFs. Furthermore, the potential peaks are 

consistent with the plateau potentials in Fig. 4.9 A.  

The electrochemical reaction (4.4), which is related to pa1 and pa1’, was kinetically fast 

and spontaneous because it was terminated after only 1 cycle, as demonstrated by the 

disappearance of the 1st anodic peak in the 2nd CV (Fig. 4.9). The current density of the 

2nd anodic peak of the 1st cycle was slightly reduced compared with that of the 2nd 

cycle for both of the thermally calcined NFs. This result means that the amount of Mn3+ 

transformed into Mn4+ gradually decreased with an increase of the cycle number. 

Several causes for the decrease in the peak current density with cycling are possible. 

First, some of the reduced, soluble low-valence Mn ions formed during the successive 

cathodic potential scan were dissolved from the electrode, preventing their involvement 

in the 2nd oxidation process of the next cycle. Second, the Mn4+ ions generated during 

a given cycle did not contribute to the 2nd anodic peak of the next cycle. This result 

indirectly indicated that CV oxidation could not complete the MnOx phase 

transformation. 
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Figure 4.8 Constant-current chronopotentiometry curves of thermally calcined 

Mn3O4 (red curve) and Mn2O3 (blue curve) NFs during galvanostatic oxidation 

with a constant anodic current density of 0.01 mA/cm2 (the inset shows the 

chronopotentiometry curve for an early stage of oxidation time). 
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Figure 4. 9 First 2 cyclic voltammogram of thermally calcined Mn3O4 (B) and 

Mn2O3 (C) NFs. pa1, pa2, and pc1 indicate the 1st, and 2nd anodic and 1st cathodic 

current peaks, respectively. 

 

 

 

Figure 4.10 Cyclic voltammogram of the first 2 cycles for carbon fiber paper 

(CFP). 
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 Anodic peak potential (V) Cathodic peak potential (V) 

Peaks pa1 (pa1
’) pa2 (pa2

’) pc1 (pc1
’) 

Thermally 
calcined 
Mn3O4 

0.73 0.95 0.77 

Thermally 
calcined 
Mn2O3 

0.74 0.96 0.75 

Table 4.3 Peak potentials measured from the 1st CV of thermally calcined 

Mn3O4 and Mn2O3. 
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4.3.3. Changes in microstructure and chemical state 

 

Figure 4.11 presents the XRD patterns for the thermally calcined and galvanostatically 

oxidized, denoted as “G-oxidized”, Mn3O4 and Mn2O3 electrodes. In the XRD pattern 

of the G-oxidized Mn3O4 NFs, all of the peaks corresponding to the Mn3O4 phase 

disappeared, and the peaks associated with the δ-MnO2 phase (birnessite, JCPDS No. 

01-073-7864), which has a layered structure, appeared at 12.4º, 36.1º, and 48.5°. 

However, for the G-oxidized Mn2O3 NFs, Mn2O3 was still present, and a weak peak at 

12.4° corresponding to δ-MnO2 appeared. The phase of G-oxidized Mn3O4 was 

confirmed to be δ- MnO2, while the G-oxidized Mn3O4 phase was a mixture of δ-MnO2 

and Mn2O3. 

The changes in the surface morphologies after the galvanostatic oxidation process are 

observed in Fig. 4.12. Both G-oxidized MnOx NFs formed petal-like nanosheets. Thin 

sheets and plates are typical features of δ-MnO2 [4.38]. Due to the open NF networks 

structures and consequent high accessibility of cations from any direction, even at high 

electrode mass loading, it is possible that all the MnOx lattice sites were transformed by 

the galvanostatic method. The degree of the morphological changes was clearly different 

depending on the starting phase. The width of the G-oxidized Mn3O4 NFs (Fig. 4.12 B) 

increased relative to that of the thermally calcined Mn3O4 NFs. It is expected that the G-

oxidized Mn3O4 NFs had a significantly larger specific surface area because the increase 

in the width was solely caused by the formation of thin nanosheets. However, the width 

of the G-oxidized Mn2O3 NFs was almost the same as that of the thermally calcined one. 

The chemical state of the MnOx NFs before and after galvanostatic oxidation was 

investigated using XPS, as shown in Figs. 4.13 and 4.14 and Table 4.4. The Mn 2p3/2 

core level spectra are presented in Fig. 4.13 A. The thermally calcined Mn3O4 and 
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Mn2O3 exhibited peaks at a binding energy of ~ 641.8 eV, which corresponds to Mn2+/3+ 

[4.39, 4.40]. After galvanostatic oxidation, the binding energy peak positions were 

shifted to higher values. For the G-oxidized Mn3O4 NFs, the binding energy was ~ 642.6 

eV, indicating the presence of high-valence Mn4+ ions [4.41]. The shift in the G-oxidized 

Mn2O3 peak was less remarkable than that in the G-oxidized Mn3O4 NFs peaks.  

Additionally, the average oxidation states of Mn during galvanostatic oxidation were 

evaluated from the splitting width of the doublet peaks in the Mn 3s core level spectra 

[4.42] (Fig. 4.14) and are listed in Table 4.4. The average valences of Mn of the 

thermally calcined Mn3O4 and Mn2O3 NFs were 2.62 and 2.90, respectively, which are 

lower than the theoretical values (Mn3O4: 2.67, Mn2O3: 3.00). This discrepancy was 

caused by the oxygen vacancies in the MnOx lattice. For G-oxidized Mn3O4 and Mn2O3, 

the oxidation states of Mn were 3.92 and 3.31, respectively. It was confirmed that the G-

oxidized Mn2O3 consisted of a mixture of Mn4+ and untransformed Mn2+ or Mn3+ ions, 

while the G-oxidized Mn3O4 was almost fully transformed into δ-MnO2. 

Another change in chemical state of G-oxidized MnOx NFs was observed in the Na 1s 

core level spectra shown in Fig. 4.13 B. It is well known that the negative charges are 

localized at the surface of MnO6 octahedral sublattices due to the low electrical 

conductivity of MnO2. Therefore, electrostatic repulsion forces are arisen between 

adjacent slabs of layered (δ)-MnO2. It is speculated that Na ions observed after 

galvanostatic oxidation were inserted to mitigate the electrostatic repulsion as well as 

stabilize the layered structure, as the δ-MnO2 was formed during phase transformation. 
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Figure 4.11 XRD patterns of thermally calcined and galvanostatically oxidized 

(G-oxidized) NF-based electrodes and carbon fiber paper with bar-type peaks 

from the JCPDS cards of δ-MnO2. 

 

 

 

Figure 4.12 FE-SEM images of thermally calcined Mn3O4 (A) and Mn2O3 (C), 

and G-oxidized Mn3O4 (B) and Mn2O3 (D) NFs. 
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Figure 4.13 XPS results of Mn 2p 3/2 (A) and Na 1s (B) core level survey 

spectra for G-oxidized and thermally calcined MnOx NFs. 
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Figure 4.14 The detected XPS Mn 3s core level survey spectra (black line) and 

deconvoluted spectra for the upper (blue dashed line) and lower binding energy 

peak (red dashed line) of the thermally calcined Mn3O4 (A) and Mn2O3 (B) NFs 

and the G-oxidized Mn3O4 (C) and Mn2O3 (D) NFs. Deconvolution was 

performed using the Gaussian distribution fitting. (E) Splitting width in Mn 3s 

core level vs. oxidation state of Mn [4.42]. 
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Materials 

Mn 3s core level spectra 

Upper peak 

(eV) 

Lower peak 

(eV) 

Splitting 

width (eV) 

Average 

oxidation 

state 

Thermally 

calcined Mn3O4 
89.26 83.73 5.53 2.62 

G-oxidized 

Mn3O4 
88.88 84.01 4.87 3.92 

Thermally 

calcined Mn2O3 
89.20 83.81 5.39 2.90 

G-oxidized 

Mn2O3 
89.03 83.85 5.18 3.31 

Table 4.4 Average oxidation state of Mn and hydration contents of thermally 

calcined and G-oxidized MnOx NFs measured from XPS data of Mn 3s core level 

spectra. 
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4.3.4. Effect of galvanostatic oxidation 

 

The facile phase transformation by galvanostatic oxidation was also supported by 

investigating the color change of the electrolyte and using inductively coupled plasma-

optical emission spectroscopy (ICP-OES) (Fig. 4.15 and Table 4.5). After the cycling of 

the thermally calcined Mn3O4, the electrolyte turned dark brown in color, and a large 

amount of precipitates was formed in the electrolyte. The precipitates were formed by 

the chemical reactions between the dissolved Mn ions and oxygen supplied by the 

counter electrode or dissolved in the electrolyte. The color of the electrolyte after 

galvanostatic oxidation, however, remained transparent. The G-oxidized Mn3O4 NFs 

exhibited only slight color changes without any noticeable precipitates after cycling. The 

concentration of dissolved Mn ions after CV of the thermally calcined Mn3O4 was 4 

times larger than that for the G-oxidized NFs (Table 4.5). 

As observed in Fig. 4.16 A, the capacitance of the thermally calcined Mn3O4 NFs 

gradually increased during cycling, which is consistent with previous reports for CV-

oxidized Mn3O4 [4.25, 4.26], indicating that the phase transformation by CV oxidation 

proceeded gradually. Therefore, the dissolution of Mn2+/3+ ions from the untransformed 

Mn3O4 occurred continuously until the capacitance was saturated. Surprisingly, all of 

the G-oxidized Mn3O4 NFs exhibited superior specific capacitance compared with that 

of the thermally calcined (CV)-oxidized NFs. This finding is due to the reduced 

dissolution of manganese ions as well as the increase in surface area (Fig. 4.12) during 

the galvanostatic oxidation procedure. In addition, Fig. 4.16 B, the normalized 

capacitance vs. cycle number, confirms that the ratio of capacitance at the 1000th cycle 

to that at the 1st cycle of the G-oxidized NFs was smaller than that of the thermally 

calcined NFs because G-oxidized Mn3O4 NFs have a crystallographic phase of δ-MnO2 
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from the initial cycles. 

To optimize the galvanostatic oxidation condition, the oxidizing current density and 

time were varied, and the results are presented in Fig. 4.16 A. The same quantity of 

charge was applied to the G-oxidized Mn3O4 NFs under three conditions, 1 mA/cm2 for 

1.2 h, 0.1 mA/cm2 for 12 h, and 0.01 mA/cm2 for 120 h. Therefore, by comparing the 

cycling performance of these materials, the effect of the oxidizing current density could 

be investigated. As the oxidizing current density increased, the specific capacitance 

increased within all of the cycles investigated, and the ratio (C1000th/C1st, %) was reduced. 

This finding indicated that the 2nd step of the oxidation process, which is the rate-

determining step of the overall phase transformation, was favored for a smaller oxidizing 

current density. It is speculated that the phase transformation of Mn3O4 and Mn2O3 NFs 

was confined to the surface of NFs as the current density increased. 

Comparing the oxidized Mn3O4 NFs under 0.1 mA/cm2 for 12 and 17 h, the 

capacitance during the early stage of cycles, including the initial capacitance of the G-

oxidized NFs with a condition of 0.1 mA/cm2 for 17 h, was higher than that of 0.1 

mA/cm2 for 12 h. However, the capacitance of the G-oxidized NFs with a condition of 

0.1 mA/cm2 for 17 h was gradually degraded under subsequent cycles. The standard 

electrode potential of the OER for this system was 0.62 V vs. SCE when the pH of the 

1 M Na2SO4 (aq) solution used in this study was 6.2. Because the 2nd step of the 

oxidation process (~ 0.95 V vs. SCE) overlapped with the OER, evolved oxygen gas 

can be detrimental for the phase transformation as well as the strong integrity of the 

electrodes. Therefore, the optimal oxidation condition of 0.01 mA/cm2 for 120 h was 

applied for further investigation. 
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Figure 4.15 Photographs of thermally calcined Mn3O4 after 1000 CV cycles (A) 

and G-oxidized Mn3O4 after galvanostatic oxidation (B) and 1000 CV cycles (C). 

 

Table 4.5 The Mn/Na ratio in the electrolyte of the thermally calcined Mn3O4 

after 1000 CV cycles and the oxidized Mn3O4 after galvanostatic oxidation and 

1000 CV cycles measured by ICP-OES. (A)-(C) correspond to the samples 

depicted in Fig. 4.15. 

Samples Na (mg/L) Mn (mg/L) Mn/Na (%) 

A 40576 8.750 0.0216 

B 41386 0.472 0.0011 

C 41401 2.420 0.0058 
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Figure 4.16 (A) Specific capacitance measured using cyclic voltammetry of 

thermally calcined and oxidized Mn3O4 NFs with various galvanostatic 

oxidation condition (current density and oxidation time) as a function of the 

cycle number and (B) normalized capacitance, capacitance divided by that of 1st 

cycle, calculated from Fig. 4.16 A. (potential sweep range: 0 ~ 0.8 V vs. SCE, 

scan rate: 5 mV/s). 



Chapter 4: Phase Control of MnOx Nanofibers Using Electrochemical 
Oxidation Method 

91 

4.4. Summary 

 

δ-MnO2 nanofibers (NFs) were fabricated by galvanostatic oxidation of low-valence 

manganese oxides (Mn3O4 and Mn2O3) NFs for high-performance electrochemical 

capacitors. Based on systematic experiments investigating the effect of the composition 

of the electrospinning solution and calcination conditions, e.g., temperature and oxygen 

partial pressure, it was confirmed that the valence of manganese increased with the ratio 

of oxygen to manganese ions incorporated in the solution. In addition, the organic 

contents in the as-spun MnOx NFs, which are essential for forming the NF structure, 

make it difficult to obtain the optimum phase (MnO2) to achieve high electrochemical 

performance. 

Galvanostatic oxidation was applied to restrict the irreversible side reaction as well as 

the dissolution of low-valence manganese ions, which become severe in the cyclic 

voltammetry oxidation widely used in previous studies for the phase transformation of 

low-valence oxides. By quantitative analysis of the concentration of dissolved 

manganese ions using two types of electrochemical oxidation methods and 

microstructural observation, it was confirmed that galvanostatic oxidation is effective 

not only in suppressing the dissolution during the phase transformation but also in 

increasing the surface area of NFs. 

The phase transformation of Mn3O4 and Mn2O3 into δ-MnO2 occurred through 2-step 

wise processes, i.e., the oxidation of Mn2+ to Mn4+ with an intermediate valence state of 

Mn3+, in common but with different degrees of transformation (Mn3O4 > Mn2O3). The 

oxidation of the 1st step was faster than that of the 2nd step. 
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CHAPTER 5 
 
Effects of Initial Phases (Mn3O4 and Mn2O3) on 
Phase Transformation and Electrochemical 
Performances 

 

5.1. Motivation of the study on initial phase effect 

 

Chapter 4 revealed that the degree to which δ-MnO2 was formed by galvanostatic 

oxidation and the resulting electrochemical performances were largely affected by the 

starting phase of the thermally calcined MnOx NFs, which were determined by the 

electrospinning solution and thermal calcination conditions. 

Accordingly, it is expected that the difference in transformation behavior along with 

the initial phase closely affect the electrochemical performances, including the specific 

capacitance, rate capability, and the fraction of tunnel storage through interslab space 

developed in δ-MnO2. 

The purpose of this chapter is to determine the relationship between the initial phase 

and corresponding electrochemical performances and to identify the responsible 

mechanism based on the crystallographic information and energetic stability of Mn3O4 

and Mn2O3. This study provides guidelines for optimizing the electrochemical oxidation 

method, which can be expanded to other pseudocapacitive materials. 
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5.2. Electrochemical performances 

 

5.2.1. Specific capacitance 

 

Cyclic voltammetry (CV) measurements of the NF electrodes were performed at a 

scan rate of 5 mV/s for 1000 cycles, as shown in Figs. 5.1 A - D, and the specific 

capacitance (Fig. 5.1 E) as a function of cycle number was calculated from the cyclic 

voltammograms using the following equation: 

 

νV

dVmi
gFC

×Δ×2

/
=)/(
∫

                          (5.1) 

 

where i, m, ν, and ΔV are the response current, mass of the total electrode, scan rate, 

and range of the potential scan, respectively. 

The changes in the shapes of the cyclic voltammograms and the specific capacitances 

of the G-oxidized and thermally calcined NFs with cycling are clearly different. First, 

for the G-oxidized NFs (Fig. 5.1 C and D), 1 pair of redox peaks was observed from the 

beginning cycle, while the pair appeared after the 50th cycle for the thermally calcined 

NFs (Fig. 5.1 A and B). The pair of redox peaks (0.51 and 0.43 V for the anodic and 

cathodic peaks, respectively) observed in the cyclic voltammograms is related to the 

intercalation process that occurs in the van der Waals gaps of δ-MnO2 [5.1, 5.2]. Second, 

the specific capacitance of the thermally calcined MnOx NFs, which is proportional to 

the integrated area of the cyclic voltammograms, gradually increased with the cycle 

number (Fig. 5.1 E), e.g., the specific capacitance of the thermally calcined Mn3O4 NFs 

gradually increased up to 500 cycles, at which point, the value became saturated. As 
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already mentioned in the previous chapter, this result is consistent with previous studies 

on CV oxidation [5.3, 5.4]. 

However, for the G-oxidized Mn3O4 NFs, the specific capacitance remained almost 

unchanged and that of the G-oxidized Mn2O3 NFs underwent relatively smaller changes. 

More importantly, the electrochemical performance of both phases was greatly 

improved by galvanostatic oxidation; the specific capacitances of Mn3O4 and Mn2O3 at 

the 1000th cycle were enhanced from 250 to 380 F/g and 123 to 223 F/g, respectively. 

In comparing the performances with respect to the starting phase, the specific 

capacitance of the Mn3O4 NFs was higher than that of the Mn2O3 NFs at every cycle 

investigated and that of the Mn2O3 NFs did not become saturated. In addition, the redox 

peaks for the thermally calcined Mn2O3 (Fig. 5.1 B) were broader than those for the 

thermally calcined Mn3O4, indicating that the cation migration was confined to the 

surface [5.5]. Because a periodic tunnel structure was absent for the MnOx, this material 

exhibited poorer cation migration kinetics than δ-MnO2. Based on these results, it can 

be concluded that the transformation rate of Mn2O3 into δ-MnO2 was slower than that of 

Mn3O4, and the transformation was not complete after 1000 cycles. Therefore, the 

smaller amount of δ-MnO2 in Mn2O3 was responsible for the lower specific capacitance. 

The G-oxidized Mn3O4 NF electrode is promising compared with previously reported 

MnOx structures, e.g., Mn3O4 nanorods on graphene sheets (~ 114 F/g with 2.0 mg/cm2) 

[5.6], hydrothermally grown MnO2 on CNT textiles (~ 200 F/g with 0.8 mg/cm2) [5.7], 

and MnO2/CNT/PEDOT-PSS nanocomposites (200 F/g, with 1.5 mg/cm2) [5.8] 

considering the mass loading of the electrode was ~ 1.2 mg/cm2. 
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Figure 5.1 Cyclic voltammograms of thermally calcined Mn3O4 (A) and Mn2O3 

(B) NFs and G-oxidized Mn3O4 (C) and Mn2O3 (D) NFs with a scan rate of 5 

mV/s. (E) Changes in the specific capacitance as a function of the cycle number 

(5 mV/s). 
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5.2.2. Rate capability 

 

Figures 5.2 A - D present the CVs of MnOx NFs after 1000 cycles obtained using 

various scan rates. Up to a scan rate of 100 mV/s, the rectangular shape of the CVs, 

which is a general feature of electrochemical capacitors, was well maintained for all the 

MnOx NFs. Therefore, it is confirmed that facile cation migration kinetics were achieved 

in the NF networks due to the open structure with well-connected pores. The specific 

capacitance is plotted as a function of the scan rate in Fig. 5.2 E.  

At every scan rate investigated, the specific capacitance of the oxidized MnOx NFs 

was greater than that of the thermally calcined NFs. The capacitance retentions (the ratio 

of C100 mV/s /C5 mV/s (%)) for thermally calcined Mn3O4 and Mn2O3 were 56.7 and 24.5 %, 

respectively, and those for oxidized Mn3O4 and Mn2O3 were 65.4 and 49.2 %, 

respectively. For both starting phases, the retention was improved by galvanostatic 

oxidation because the number of cycles required to saturate the specific capacitance of 

the CV-oxidized NFs (or the thermally calcined NFs) increased as the scan rate increased. 

In addition, the improvement in the capacitance retention due to galvanostatic oxidation 

was greater for the Mn2O3 NFs. As mentioned earlier, the transformation rate of Mn2O3 

was kinetically slower than that of Mn3O4. Therefore, oxidized Mn2O3 exhibited a 

superior rate capability compared with thermally calcined Mn2O3, which was the 

dominant phase of Mn2O3. 
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Figure 5.2 Cyclic voltammograms of the 1000th cycle of thermally calcined 

Mn3O4 (A) and Mn2O3 (B) NFs and G-oxidized Mn3O4 (C) and Mn2O3 (D) NFs 

as a function of the scan rate. (E) Changes in the specific capacitance at the 

1000th cycle as a function of the scan rate. 
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Figure 5.3 Changes in the specific capacitance as a function of the cycle number 

with various scan rates (5 - 100 mV/s) for thermally calcined Mn3O4 (A) and 

Mn2O3 (B) NFs. 
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5.2.3. Fraction of outer and inner surface storage 

 

As mentioned in Chapter 2, the energy storage of transition-metal-oxide-based 

(pseudocapacitive) electrodes, when used as electrochemical capacitors, occurs by 3 

types of mechanisms occurring on the outer and inner surface: ELDC, surface 

electrosorption, and intercalation. Intercalation pseudocapacitance through 2-

dimensional interslab space is beneficial for achieving high specific capacitance and 

high rate capability due to the facile cation diffusion kinetics. 

In this section, by calculating the fraction of outer and inner surface storage, the effect 

of galvanostatic oxidation and the initial phase on the degree of developing a 2-D 

interslab space was investigated. The calculation was conducted based on the cyclic 

voltammograms collected from various scan rates with the relationship between current 

vs. scan rate related to each type of storage mechanisms. 

The current induced by the EDLC mechanism as a function of the scan rate (ν) is given 

as 

 

νkνACi Outerdl 1,
==                            (5.2) 

 

where A and Cdl are the surface area and electric double layer capacitance, respectively. 

In the surface electrosorption, which is another type of mechanism for outer surface 

storage, the current vs. scan rate was derived from the Langmuir isotherm addressed in 

Chapter 2. The fraction of surface coverage by electroactive species is 
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where K, CNa+ and Θ are the ratio of kf/kb (reaction rate constant of forward and reverse 

reaction for electrosorption of Na+ ion), concentration of Na+ ion, and fraction of surface 

coverage, respectively. 

From eqn. (5.3), the current is deduced by the following equation [5.9-5.11]: 
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where q* is the theoretical charge for the formation of an adsorbed layer. 

The intercalation-induced current for inner surface storage as a function of the scan 

rate is [5.12] 

 

2/12/12/12/12/1* =)()/(= νkbtχνπRTnFαDnFACi Inner       (5.6) 

 

A description of each variable is provided in Chapter 2. 

Therefore, the total current arising in MnOx NFs-based electrodes is the sum of each 

contribution from ELDC, surface electrosorption, and intercalation: 

 

2/12/1

2,1,
+=++= νkνkνkνkνki InnerOuterInnerOuterOutertotal      (5.7) 

InnerOutertotal kνkνi +=/ 2/12/1                       (5.8) 

 

where kOuter and kInner represent constants for calculating the fraction of inner surface 

charge storage, given as 
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Figure 5.4 shows the procedure for calculating the fraction of inner surface charge 

storage, which was conducted on the G-oxidized Mn3O4 NFs. As the scan rate increased, 

the time constant, the product of capacitance and resistance, increased, and slight 

distortion of the cyclic voltammograms was observed. In Fig. 5.4 A, the arrow indicates 

that changes in Ep with the scan rate are parallel with switching the curve upon reversal 

of the potential sweep direction. Therefore, the peak potential (Ep) was set as a reference 

potential, and 1/4, 1/2, 1, and 5/4 Ep were selected to calculate the fraction of inner 

surface storage. 

Figure 5.4 B shows an example of separating the outer and inner surface storage. Using 

eqn. (5.8), the slope and intercept at x=0 correspond to constants for outer and inner 

surface storage, respectively. Figures 5.5 A - C show the result of separating the outer 

and inner surface-related capacitance with respect to the total capacitance calculated in 

the 2nd cycle. As observed in Fig. 5.5 A, thermally calcined Mn3O4 NFs mainly stored 

charge via outer surface mechanisms, and the fraction of inner storage increases with 

potential because the phase transformation occurred through the bulk of the MnOx NFs.  

Comparing Figs. 5.5 B and C, the G-oxidized Mn3O4 NFs exhibited 1 pair of redox 

peaks in the 2nd cycle and a significantly higher fraction of charge was stored by the 

inner surface mechanism. It is speculated that interslabs developed in δ-MnO2 formed 

by galvanostatic oxidation are beneficial for the facile diffusion of Na+ ion into the 

electrode. In addition, the outer surface storage capacitance of G-oxidized Mn3O4 is 

higher than that of thermally calcined Mn3O4 NFs in the same cycle, which indicated 

that galvanostatic oxidation contributed to not only the phase transformation but also to 
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increasing the surface area of the NFs. 

More than 50 % of the total charge is stored via the outer surface mechanism in G-

oxidized Mn2O3, although the fraction of inner surface storage is higher than that for the 

thermally calcined Mn2O3. This result is due to the slow and relatively unfavored phase 

transformation of Mn2O3 compared with Mn3O4. Accordingly, less interslab space 

developed in G-oxidized Mn2O3 led to the smaller total capacitance and smaller outer 

surface-related capacitance. 

Figures 5.5 D - F show the result of separating the outer and inner surface-related 

capacitance calculated in the 1000th cycle. G-oxidized Mn3O4 (Fig. 5.6 E) has a higher 

capacitance for both outer and inner surface storage compared with that of the thermally 

calcined Mn3O4 (Fig. 5.5 D) NFs. From the ICP-OES analysis, the dissolution of 

manganese ions during phase transformation by CV-oxidation is severe. The dissolution 

induced not only the loss of active material but also the formation of a large amount of 

microstructural defects. Therefore, dissolution may cause a reduction in the active mass 

initially measured and is detrimental to the diffusion of Na+ ions through the interslab 

space of δ-MnO2 due to the defects, e.g., locally broken interslab spaces or manganese 

ions trapped in the space. Figure 5.6 shows the fraction of inner surface storage 

(intercalation) as a function of the potential and material (thermally calcined Mn3O4 and 

G-oxidized Mn3O4 and Mn2O3 NFs). 

Therefore, a combination of galvanostatic oxidation and an initial phase of Mn3O4 

yields the most superior electrochemical performance among all of the electrodes 

investigated. The following sections will discuss the apparent charge consumed for 

oxidation (phase transformation) during galvanostatic oxidation and the mechanism 

responsible for the dependence of the initial phase with respect to the concentration of 

low-valence manganese ions (Mn2+ and Mn3+) and energetic stability. 
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Figure 5.4 Cyclic voltammograms of thermally-calcined Mn3O4, (A) G-

oxidized Mn3O4 (C), and G-oxidized Mn2O3 (E) under various scan rates (the 

change in the position of the peak potential (Ep) with scan rate is indicated by the 

arrow). Fitting curves using eqn. (5.8) for thermally-calcined Mn3O4, (B) G-

oxidized Mn3O4 (D), and G-oxidized Mn2O3 (F) with potentials of 1/2 and 1 Ep 

(the constants for outer (kOuter) and inner (kInner) surface charge storage are 

denoted). 
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Figure 5.5 Calculated outer and inner surface storage-related capacitance with 

respect to the total capacitance of thermally calcined Mn3O4 (A and D) and G-

oxidized Mn3O4 (B and E) and Mn2O3 (C and F) NFs at the 2nd (A - C) and 

1000th (D - F) cycles. 
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Figure 5.6 Fraction of inner surface storage (intercalation) as functions of 

potential and material (thermally calcined Mn3O4 and G-oxidized Mn3O4 and 

Mn2O3 NFs) at the 2nd (A) and 1000th (B) cycles. 
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5.3. Calculation of apparent charge for transformation 

 

During the galvanostatic oxidation procedure, the applied charge (a product of the 

oxidizing current and oxidation time) was separately consumed for 3 types of 

electrochemical reactions: capacitive, oxidation (used for phase transformation), and 

oxygen evolution reaction (OER). Separation of charge contributions from each reaction 

is important because the degree of phase transformation depending on the initial phase 

is closely related to the apparent charge consumed by the oxidation reaction. 

The separation of the charge related to the OER was performed using the following 

sequence. The standard electrode potential of the OER for this system was 0.62 V vs. 

SCE when the pH of the 1 M Na2SO4 (aq) solution used in this study was 6.2. Therefore, 

the oxidation potentials of the low-valence MnOx NFs overlapped with that of the OER 

process. According to the Tafel equation, the log of the response current has a linear 

dependence on the overpotential at high overpotentials. Therefore, the factors related to 

the OER process were evaluated using the Tafel plot. The electrochemical reaction for 

the OER and the Tafel equation for the OER process are given below: 

 

-+
22 2+2+

2

1
eHOOH →                     (5.10) 

)0>>(
2.3

)-1(
+)ln(=)ln( 0 OEROEROER ηforη

RT

nFα
ii        (5.11) 

 

where inet is the difference between the anodic and cathodic currents and io is the 

exchange current. α, n, and ηOER are the symmetric factor, number of electron moles 

used in the OER, and the OER overpotential, respectively. F, R, and T have their 
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common meanings. Figures 5.7 A and B show the total current density and 

corresponding OER current density for thermally calcined Mn3O4 and Mn2O3, 

respectively. 

To calculate the capacitive portion during the oxidation process, the MnOx NFs were 

cycled within a potential range of 0.2 - 0.5 V (Fig. 5.7 C and D), where no signals related 

to faradaic electrochemical reactions were observed in the linear sweep voltammetry 

curves (Figs. 5.7 A and B). It is assumed that the capacitance evaluated in the potential 

region of 0.2 - 0.5 V exhibited pure capacitive behavior and was independent of the 

electrode potential according to its original definition. 

The definitions of each charge component involved in the galvanostatic oxidation of 

the low-valence MnOx NFs from their open circuit potential (OCP) to a given electrode 

potential are presented below: 
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Here, Qcapacitive, QOER, and Qoxidation are the capacitive, OER, and oxidation charges, 

respectively. OCP, ν, and g are the open circuit potential, scan rate, and mass of the total 

electrode, respectively. 
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The charge related to capacitive, oxidation, and oxygen evolution reaction (OER) and 

the fraction of charges involved in the galvanostatic oxidation process as a function of 

the electrode potential are shown in Fig. 5.8 

The oxidation charge related to the phase transformation of Mn3O4 (77.6 %) was larger 

than that of Mn2O3 (45.4 %) based on the electrode potential at the end of the 

galvanostatic oxidation (Mn3O4: 0.97 V, and Mn2O3: 1.05 V). Mn2O3 is known as a 

MnOx material with a high electrocatalytic effect for OER [5.13, 5.14] such that the 

increase of the electrode potential vicinity of the 2nd potential plateau region in the 

chronopotentiometry curve was suppressed. Therefore, the apparent charge fraction of 

oxidation is expected to be lower than 44.5 %. As a result, Mn3O4 consumed more 

charges related to the oxidation process, which means that Mn3O4 is a more effective 

material for galvanostatic oxidation and for the transformation to the MnO2 phase. 
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Figure 5.7 Linear sweep voltammograms positively scanned from their open 

circuit potential (OCP) to 1.3 V vs. SCE and the oxygen evolution reaction (OER) 

current calculated using the Tafel equation of the thermally calcined Mn3O4 (A) 

and Mn2O3 (B) NFs. Cyclic voltammograms of the thermally calcined Mn3O4 

(C) and Mn2O3 (D) NFs with a potential range between 0.2 and 0.5 V vs. SCE, 

revealing no faradaic electrochemical reactions. 
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Figure 5.8 Separated current and charge (shaded area) related to capacitive, 

oxidation, and oxygen evolution reaction (OER) for thermally calcined Mn3O4 

(A) and Mn2O3 (B) NFs. Changes in the fractions of capacitive, oxidation, and 

oxygen evolution reaction (OER) charges for thermally calcined Mn3O4 (C) and 

Mn2O3 (D) NFs as a function of the electrode potential. 

  



Chapter 5: Effects of Initial Phases (Mn3O4 and Mn2O3) on Phase 
Transformation and Electrochemical Performances 

111 

5.4. Consideration of ion concentration and energetic stability 

 

The difference in the phase transformation degree of Mn3O4 and Mn2O3 during 

galvanostatic oxidation was closely related to the concentration and energetic stability 

of the Mn ions in each MnOx. The stability in terms of the electronic configuration was 

determined from the sublattice structure surrounding the ions. 

As observed in Fig. 5.9, hausmannite (Mn3O4) has a spinel structure containing Mn2+ 

and Mn3+ ions that fill tetrahedral sites with a probability of 1/8 (8 sites/unit cell) and 

octahedral sites with a probability of 1/2 (16 sites/unit cell), respectively. Bixbyite 

(Mn2O3) has a cubic structure containing Mn3+ ions with O2- ions in 3/4 of the tetrahedral 

sites. This oxide is a well-known representative nonstoichiometric oxide material with 

oxygen deficiencies [5.15]. The 1st potential plateau (Fig. 4.8) or oxidation step was 

more prominent for Mn3O4 because of the difference in the Mn2+ ion concentration. 

Theoretically, 33.3 % of the Mn ions in Mn3O4 are Mn2+, whereas the Mn2+ 

concentration in Mn2O3, which is determined by the oxygen vacancy concentration, is 

small.  

Two types of Mn3+ ions were involved in reaction (4.4): ions generated by the 

oxidation of Mn2+ (reaction (4.5)) and those in the low-valence MnOx. The differences 

in the 2nd oxidation step were caused by differences in the energetic stability of the Mn3+ 

ions in each phase, as determined by the asymmetry of the molecular orbital spin and 

the structure of the interstitial site. For the spinel Mn3O4, the Mn3+ ion occupies an 

octahedral site and has a d4 high spin electron configuration.  

The partially filled degenerate set of electrons in the eg level (axial orbitals) was 

involved in the degeneracy directly heading to the ligands (oxygen ion). According to 

the Jahn-Teller theory, this type of sublattice configuration is considered to be 
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energetically unstable. Therefore, it was more favorable for the Mn3+ ions in the Mn3O4 

phase to be transformed into a more stable, higher oxidation state, e.g., Mn4+, under 

galvanostatic oxidation. The crystal energy splitting configuration, i.e., the positions of 

the eg and t2g levels of the tetrahedral system, is opposite to that of the octahedral system 

because the t2g orbitals (dxy, dxz, dyz) exhibit higher electron-electron repulsion.  

Consequently, the Mn3+ ions in Mn2O3 have unpaired electrons in the t2g levels, 

although the ions have the same d4 high spin electron configuration as Mn3+ in Mn3O4. 

In addition, none of the 5 d-orbitals of the Mn3+ ions at the tetrahedral site of Mn2O3 are 

directly oriented toward the oxygen ions because the Mn3+ ions are surrounded by only 

4 oxygen ions in that system. Therefore, the energy stabilization due to the Jahn-Teller 

effect is not as large for the Mn3+ ion in Mn2O3 as for that in the octahedral system 

(Mn3O4). Therefore, under galvanostatic oxidation, phase transformation for the Mn3O4 

phase was more favorable, while Mn2O3 underwent a relatively slow transformation. 

 

 
 

Figure 5.9 2-stepwise oxidation procedures and related mechanism. 
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5.5 Summary 

 

The specific capacitance of MnOx NFs oxidized by the galvanostatic method was 

improved compared with the cyclic voltammetry oxidation method by reducing the 

dissolution and irreversible side reaction.  

The Mn3O4 phase has a higher degree and faster kinetics of phase transformation into 

δ-MnO2 compared with Mn2O3 such that after galvanostatic oxidation, Mn3O4 exhibited 

a better specific capacitance and rate capability. Based on investigating the capacitance 

vs. scan rate, it was confirmed that the fraction of inner surface storage capacitance and 

the absolute value of the outer surface capacitance were larger in G-oxidized Mn3O4 NFs 

due to the higher fraction of transformed δ-MnO2 with high surface area. 

By separating the 3 types of charge, e.g., capacitive, oxidation, and OER charges, 

consumed during galvanostatic oxidation, the majority of total charges was involved in 

oxidation, i.e., transformation, in Mn3O4, while the applied charge was largely dissipated 

by the OER and capacitive portion in Mn2O3. 

In Chapter 4, it was revealed that galvanostatic oxidation of MnOx NFs occurred via 

2 steps. The 1st step was related to the concentration of Mn2+ ions incorporated in the 

MnOx lattice such that Mn3O4 exhibited more prominent oxidation compared with 

Mn2O3 due to its larger concentration. The 2nd step, the rate-determining step of the 

overall oxidation process, was strongly dependent on the energetic stability of the Mn3+ 

ion. An octahedral Mn3+ ion in spinel Mn3O4 is energetically unstable such that the ion 

has a stronger tendency of transformation into Mn4+, which can mitigate the structural 

energy. 
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CHAPTER 6 
 
Electrochemical Behavior of Sputtered a-ZrO2 
Coated on Li(Ni1/3Co1/3Mn1/3)O2 under Organic 
Liquid-state Electrolytes 

 

6.1. Introduction 

 

A solid-solution type of layered cathode material, Li(Ni1/3Co1/3Mn1/3)O2 (NCM333), 

has been extensively investigated for Li-ion batteries (LIBs) for decades [6.1-6.4] 

because NCM333 was developed to combine the merits and overcome the issues of one 

type of transition-metal-containing layered cathode, e.g., LiNiO2, LiCoO2, or LiMnO2. 

LiNiO2 exhibited the highest specific capacitance among the layered cathodes due to the 

two electrons involved in the charging/discharging process, Ni2+ ↔ Ni4+; however, this 

cathode suffered from poor rate capability due to the formation of 3-dimensional NiO 

via site exchange between Li in the 3a layer and Ni in the 3b layer [6.5]. LiCoO2, which 

is the first cathode material used in commercial LIBs developed by SONY, exhibits a 

high rate capability due to the direct overlap of Co-Co t2g orbitals. Unfortunately, the 

high cost of Co, dissolution of Co at high potential (> 4.2) [6.6, 6.7], and irreversible 

phase transition, i.e., a O3 to O1 transition occurred at x > 0.5 in Li1-xCoO2, are 

detrimental for stable electrochemical performances. Due to the low cost and earth 
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abundance of Mn, LiMnO2 is considered an effective cathode material; however, that 

material is spontaneously transformed to spinel LiMn2O4 during the first discharging 

process, leading to gradual fading of the capacitance [6.8]. 

The crystal structure of NCM333 is identical to the above layered cathode materials, 

and the valence state of Ni, Co, Mn correspond to 2+, 3+, and 4+, respectively [6.1]. In 

this cathode, the Ni2+, Co3+, and Mn4+ ions play the roles of achieving high capacity, 

improved rate capability [6.9], and stabilizing the layered structure, respectively. In 

addition, NCM333 exhibits high structural and thermal stability [6.10] as well as a 

reasonably high specific capacity of ~ 160 mAhg-1 [6.11] with cost efficiency. 

However, with a demand for obtaining higher energy density by increasing the high 

potential limit above 4.5 V, the cathode material becomes vulnerable for retaining stable 

capacity due to structural and chemical instability, e.g., transition metal cation 

dissolution [6.12], undesirable reactions between organic liquid electrolytes and active 

materials [6.13], and damage by generated HF [6.14]. The relatively lower rate 

capability was also considered as one of the major drawbacks [6.15, 6.16]. 

A thin metal oxide coating layer is an effective way to overcome these issues by 

protecting the surface of cathode materials based on various mechanisms, e.g., inhibiting 

volume change, reducing the corrosion of cathodes, restricting the formation of the SEI 

layer, and trapping the dissolved transition metal ions [6.14, 6.17-6.21]. Most of the 

previous studies to fabricate a coating layer were conducted using the “sol-gel” process 

[6.17, 6.22, 6.23] and “atomic layer deposition (ALD)” [6.24, 6.25]. The sol-gel method 

is difficult to apply in industry due to the large amount of generated waste and the time-

consuming nature of the process, as numerous metal precursors and solvents are used, 

and post-thermal treatments to solidify the coating layer are inevitably required. ALD 

proceeded with a complicated cycle-manner (precursor, reactant exposure and gas 
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purging), and insufficient available precursors to be deposited is another obstacle. 

Sputtering, which is a well-established coating method in the semiconductor industry, 

may be one of the best alternative coating methods because of its high coating efficiency, 

productivity, precise control of the properties of coating material, and wide range of 

coating materials available. However, a highly uniform coating is difficult to achieve 

using conventional sputtering because the active materials usually have a form of 

sphere-shaped powders.  

In this study, a new sputtering system modified with vibration motors (Fig. 3.2) 

induced continuous rotation and bounce of the powder of electrode materials to secure 

uniform exposure of the surface of the active material to sputtered clusters from the 

target, leading to a uniform surface coating. To demonstrate the feasibility of the 

modified sputtering method as a versatile coating process, a thin layer of ZrO2 with a 

negative zeta potential, basic surface [6.26], and strong bonding [6.27], was selected as 

a protective material for a NCM333 cathode. The superior electrochemical performance 

of sputtered ZrO2 on a NCM333 cathode compared with an uncoated one was 

investigated in an organic liquid electrolyte (1 M LiPF6 EC:DEC) as well as an inorganic 

solid-state electrolyte (Li2S + P2S5 glass). Enhanced cycling stability was achieved in 

both electrolytes, while an increased specific capacity was also obtained when using the 

ZrO2 coating in the solid-state electrolyte. The mechanisms resulting in the improved 

performance using the ZrO2 coating were clearly distinguished for the electrolytes. It 

was confirmed that HF scavengers and a reduced interfacial resistance were responsible 

for the performance enhancement in the liquid and solid-state electrolytes, respectively. 
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6.2. Microstructure of ZrO2 coated on Li(Ni1/3Co1/3Mn1/3)O2 

 

The coating uniformity and phase of the surface-covering ZrO2 layer deposited using 

modified sputtering were investigated using energy dispersive X-ray spectrometry (EDS) 

and X-ray diffractometry, as observed in Fig. 6.1 and 6.2. Figure 6.1 A presents the EDS 

mapping images with selected elements of Ni, Co, Mn, and Zr observed in the 

ZrO2/NMC333 (3 h) powders. The images confirm that the sputtered Zr was uniformly 

distributed onto the surface of NCM333. In addition, the atomic ratio of Ni:Co:Mn was 

1:1:1. 

As observed in Fig. 6.1 B, the atomic fraction of Zr is a linear function of sputtering 

time. Therefore, modified sputtering can promote not only the conformal coating on 

powder-based materials but also precise control of the thickness of the protective layers. 

Figure 6.2 displays the XRD patterns of bare NCM and ZrO2-coated NCM powders 

with bar-type peaks of monoclinic ZrO2 (Fig. 6.2 B), which is the most stable phase near 

room temperature. The peak position related to the lattice parameters is identical in all 

of the powders investigated, which indicated that the surface ZrO2 layer deposited at 

room temperature did not alter the structure of NCM333 or penetrate inside NCM. All 

of the peaks detected were indexed as the hexagonal α-NaFeO2 with a space group of 

R-3m [6.10, 6.28]. It is well-known that the ratio of peak intensity, I(003)/I(104), is an 

indicator of the degree of cation mixing, and low cation mixing occurs when the ratio is 

larger than 1.2 [6.29]. The ratios for bare and 1, 1.5, 2, and 3 h ZrO2-coated NCM333 

are 1.55, 1.65, 1.64, 1.55, and 1.59, respectively. 

Figure 6.2 B presents magnified XRD patterns for diffraction angles between 15 and 

35° and bar-type peaks of monoclinic ZrO2 from the JCPDS card. The absence of the 
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peak indexed as monoclinic ZrO2 indicates that the phase of ZrO2 covering the surface 

of NCM333 is amorphous.  

 

 

 

Figure 6.1 (A) Energy dispersive X-ray spectrometry (EDS) mapping images of 

ZrO2/NCM (3 h) for Ni (orange), Co (blue), Mn (green), and Zr (red). (B) 

Atomic fraction of Zr as a function of sputtering time measured from EDS. 
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Figure 6.2 XRD patterns of bare and ZrO2-coated (1, 1.5, 2, and 3 h) NCM333 

powders (A) and magnified XRD patterns for diffraction angles (2Ɵ) between 

15 and 35° and bar-type peaks of monoclinic ZrO2 from the JCPDS cards (B). 
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6.3. Effect of ZrO2 coating on electrochemical performances 

 

6.3.1. Cycling performance 

 

Figure 6.3 shows the cycling performance of the uncoated and ZrO2-coated (1 to 3 h) 

NCM cathodes cycled in liquid electrolyte (1 M LiPF6 EC:DEC) with a potential range 

of 3.0 to 4.5 V. In the 1st cycle (C/4, formation cycle) for bare NCM, the cell delivered 

a discharge capacity of 178 mAhg-1, while that of the ZrO2-coated NCM electrodes 

decreased with increasing sputtering time, e.g., 174, 169, 168, and 159 mAhg-1 for the 

1, 1.5, 2, and 3 h coated electrodes, respectively. In addition, the coulombic efficiency 

during the 1st cycle was slightly sacrificed by introducing the ZrO2 coating layer. 

However, the efficiency reached ~ 100 % for both the uncoated and coated electrodes 

from the 3rd cycle. The lower initial capacity and coulombic efficiency of the coated 

samples may be due to the ZrO2 surface layer, which hindered the diffusion of Li ions 

as well as electrons.  

Comparing the changes in capacity during cycling of the bare NCM and ZrO2 (2 h)-

coated NCM electrode, the discharge capacity of the coated NCM electrodes surpassed 

that of the bare one after 70 cycles. The discharge capacity of bare NCM gradually 

degraded with the cycle number due to the microstructural and chemical issues 

mentioned in the introduction. Figure 6.3 C shows the effect of sputtering time, which 

is proportional to the thickness of ZrO2, on the initial discharge capacity and retention. 

The capacity retention, defined as C200th/C3rd (%), of the bare NCM electrode was 71.3 %. 

However, the ZrO2-coated cathodes exhibited superior capacity retention compared with 

the bare one. Quantitatively, the capacity retention for the 1, 1.5, 2, and 3 h coated 

samples are 81.7, 87.7, 94.6, and 92.1 %, respectively. Overall, the capacity retention is 
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improved with increasing sputtering time except for the 3 h-coated NCM electrode, 

where the increase in ohmic polarization due to the thick insulating layer became more 

dominant than the effect of protecting the surface. It is suggested that ZrO2 layers 

effectively protect the surface of NCM333 by relieving the damage, SEI formation, and 

dissolution induced by the attack of HF, although the initial capacity was somewhat 

decreased. 

Considering the initial capacity at a C-rate of 1C and capacity retention at the 100th 

cycle, it is noted that the sputtered ZrO2 (2 h) on NCM electrodes (160 mAhg-1/96.3%) 

is promising compared with previously reported surface-modified NCM electrodes, e.g., 

ZrO2/NCM coated using the sol-gel method on NCM powder (150 mAhg-1/93.3 % [6.22] 

and 161 mAhg-1/86.3 % [6.30]) and an Al2O3 coating on NCM fabricated by ALD (153 

mAhg-1/90.8 % [6.24]). 

Because of the high electrochemical performance with promoted processability, the 

coating efficiency of modified sputtering, this novel coating methodology can be 

considered the most effective strategy for enhancing the performance of electrodes for 

LIBs. 

Figure 6.4 displays the potential profiles at selected cycles (1st, 3rd, 50th, 100th, and 

200th) for uncoated and ZrO2-coated electrodes. All of the samples exhibit the typical 

charging/discharging curves of NCM electrodes reported previously [6.1-6.4]. This 

finding indicated that the surface covered ZrO2 layer is not involved in the 

electrochemical reaction but acts as a physical and chemical barrier protecting the active 

materials. 

As observed in the potential profiles of the bare NCM electrode (Fig. 6.4 A), both the 

charging and discharging potentials gradually deviated from those of the initial cycle for 

bare NCM, indicating that high polarization was accommodated with cycling. The onset 
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potential of Li deintercalation during the charging process in the 3rd cycle was ~ 3.7 V; 

however, the potential increased with the cycle number and reached ~ 4.0 V by the 200th 

cycle. 

Surprisingly, the increase in polarization was greatly reduced in the coated NCM 

electrodes (Fig. 6.4 B-D). As the thickness of the ZrO2 surface layer increased, 

polarization was mitigated, and the potential profiles of the ZrO2/NCM (2 h) (Fig. 6.4 

D) electrode were independent of the cycle number except for that of the 1st cycle (C-

rate of C/4, formation cycle). 

As observed in the potential profiles for the 1st cycle, the coated NCM electrode 

exhibited a somewhat larger magnitude of polarization compared with that of the bare 

electrodes. This result is due to an increase in both the ohmic and activation polarization 

caused by the electrical and ionically non-conductive nature of ZrO2. Although these 

contributions led to a lower discharge capacity and coulombic efficiency for the 1st cycle, 

the ZrO2 surface layer remained effective for stabilizing the active material even under 

a high cut-off potential of 4.5 V.  

Figure 6.5 displays SEM images and diffraction patterns of uncoated (Fig. 6.5 A) and 

ZrO2-coated (2 h) (Fig. 6.5 B) NCM powders after cycling. Surface of uncoated NCM 

powders was transformed to spinel phase (space group: F3dm) while the bulk of NCM 

powders retained its original crystallographic structure of hexagonal. As already 

mentioned, high potential cut-off accelerated the irreversible phase transition, O3 to O1, 

and O1 (spinel) phase is considered as electrochemically inactive materials. Interestingly, 

the ZrO2-coated NCM shows no evidence of phase transformation. Based on the TEM 

observation, it is concluded that microstructural stabilization of NCM powder induced 

by surface covered ZrO2 thin layer lead to the superior cycling stability.  
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Figure 6.3 Discharge capacity (A) and coulombic efficiency A(B) as a function 

of cycle number tested with a potential range of 3.0 - 4.5 V vs. Li/Li+ and a C-

rate of 1C (first 2 cycles: C/4, formation cycles). The discharge capacity at the 

1st cycle and capacity retention, defined as C200th/C3rd (%), as a function of 

sputtering time of ZrO2. 
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Figure 6.4 Potential profiles of selected cycles (1st, 3rd, 50, 100, and 200th) for 

bare (A) and ZrO2-coated NCM for 1 (B), 1.5 (C), 2 (D), and 3 h (E). (F) Average 

polarization of uncoated and ZrO2-coated NCM as a function of cycle number. 
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Figure 6.5 SEM images and diffraction patterns (center and surface of NCM 

primary powder) for uncoated (A) and ZrO2-coated (2 h) (B) NCM after cycling. 
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6.3.2. Quantification of resistance change 

 

To identify the responsible mechanism that is detrimental to the cycling performance 

of bare NCMs, electrochemical impedance spectroscopy (EIS) was employed on both 

uncoated and coated NCMs (Fig. 6.6 A and B). Nyquist plots showed 2-semicircles 

(high and intermediate frequency region), which arose with the resistance components, 

and lines in the low frequency region, which were related to the diffusion kinetics of Li 

ions into active materials.  

The diameter of both semicircles observed in bare NCM was continuously increased 

with cycle number, while those for ZrO2/NCM (2 h) did not exhibit noticeable changes. 

This tendency was consistent with the changes in the potential profiles in Figs. 6.4 A 

and D in that the profiles of the coated NCM electrode were independent of the cycle 

number. 

An equivalent circuit model (Fig. 6.6 E) to simulate the Nyquist plots was designed 

with 3 resistance components (the resistance related to the electrolyte (Re), surface layer 

(Rsurface), and charge transfer (Rct)), 2 constant phase elements (CPE) constructing a 

parallel configuration with Rsurface and Rct, and Warburg impedance (W).  

Using the equivalent circuit model, each resistance component was calculated, and the 

changes in the resistance of bare and 2-h-coated NCM electrodes as a function of cycle 

number is shown in Figs. 6.6 C and D. Because the composition of the electrolyte and 

the configuration of the coin cell used for cycling was fixed and the effect of the high 

potential limit of 4.5 V on the decomposition of electrolyte was not severe, Re was 

maintained at a fixed value under all of the cycle numbers, and the same values were 

observed for both samples (approximately 2 Ω).  

Rsurface of the bare NCM increased during the early stage of the cycle and was then 
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saturated. That of the coated sample was not varied with cycling, although Rsurface 

measured at the 3rd cycle was slightly higher than that of the bare NCM because of the 

surface-covered ZrO2 layer. The higher initial resistance of Rsurface observed in the coated 

sample is a result of the surface-covered ZrO2 layers. Based on the change of Rsurface, it 

was speculated that the surface ZrO2 layer was effective in suppressing the formation of 

the resistive surface layer (SEI layer). Accordingly, the surface resistance at the 200th 

cycle for bare and 2-h-coated NCM were 42.9 and 28.5 Ω, respectively.  

The difference in the resistance change behavior became obvious in Rct. The Rct of the 

coated NCM was slightly increased at early cycles and was almost unchanged with 

subsequent cycle numbers. However, that of the bare NCM gradually increased with a 

high increasing rate. The relative changes of Rct (Rct, at 200th cycle/Rct, at 3rd cycle) of the bare 

and coated samples were 30.1 and 1.7, respectively. 

Therefore, although the ZrO2 surface coating layer induced a slight increase in Rsurface 

and Rct in the initial cycle, the coating was responsible for a relatively lower specific 

capacity compared with that of the bare sample; the sputtered ZrO2 layer with negative 

zeta potential and basic surface [6.26, 6.27] effectively protected the NCM from HF, 

which lead to the formation of a SEI layer as well as dissolution of transition metal ions 

from the surface of NCMs. Therefore, the suppressed formation of the SEI layer and 

stabilized interface by adopting a surface coating layer led to improved superior cycling 

stability with lower Rsurface and Rct. 
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Figure 6.6 Nyquist plots during cycling for bare NCM (A) and ZrO2/NCM (2 

h) (B) measured at fully charged state (4.5 V). Changes in resistance (Re 

(electrolyte), Rsurface (surface layer), and Rct (charge transfer)) with cycle 

number for bare NCM (C) and ZrO2/NCM (2 h) (D). (E) Equivalent circuit 

used for calculating each component of resistance.
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6.3.3. Rate capability 

 

High rate capability is considered the most important parameter when LIBs are 

utilized as a power source for automobiles, e.g., electric and hybrid vehicles. A rate study 

was conducted within a potential range of 3.0 to 4.5 V with C-rates of 1, 2, 4, 8, and 16 

C (relative to the capacity of 160 mAhg-1). The test proceeded under liquid electrolytes 

and the results for the uncoated and ZrO2-coated NCM are presented in Fig. 6.7 A.  

During the 1st cycle (1C), the specific capacity increased with a decrease in the 

sputtering time of ZrO2, which was consistent with the cycling performance in Fig. 6.3 

A. Comparing the specific capacity measured under the highest C-rate investigated 

(16C), all of the ZrO2-coated electrodes exhibit a superior rate capability compared with 

bare electrodes. The relative capacity cycled at a C-rate of 16 C normalized by the 

capacity at a C-rate of 1C for the bare and 1, 1.5, 2, and 3 h ZrO2-coated samples are 

0.17 and 0.57, 0.52, 0.41, and 0.32, respectively. Furthermore, as the thickness or 

sputtering time of ZrO2 was decreased, a better rate capability was obtained.  

Figure 6.7 B presents the potential profiles as a function of C-rates for the uncoated 

and coated NCM electrodes. As observed in the potential profiles of the bare NCM 

electrode, the potential related to the intercalation of Li into the active material was 

drastically polarized with an increase in the C-rate. In addition, at a C-rate above 8 C, 

the potential profiles deviated from the typical characteristics of NCM333. However, 

the ZrO2-coated electrode maintained the profiles upon 8 C with relatively lower 

polarization. 
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Figure 6.7 (A) Comparison of rate capability between uncoated and ZrO2-coated 

NCM333. (B) Potential profiles at various C-rates for bare and ZrO2-coated 

NCM333 electrodes. 
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6.3.4. Changes in diffusivity of Li 

 

It is interesting that the rate capability of the coated electrodes was enhanced by the 

surface-covered ZrO2, while this material is considered insulating with respect to 

electrical and ionic conductivity. The diffusion coefficient of Li ions (DLi) for the 

uncoated and coated NCM before and after the rate study was measured using the 

galvanostatic intermittent titration technique (GITT) to identify the effect of the ZrO2 

layer on the kinetics of Li ions.  

The changes in the electrode potential vs. time during GITT of the bare NCM electrode 

for the entire testing and a single titration are shown in Fig. 6.8 A. 

The diffusion coefficient of Li ions was calculated using the equation below described 

in a previous study [6.31]: 
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where τ is the holding time of current per titration and mB, Vm, MB, and A are the active 

mass employed, molar volume of NCM333 (20.29 cm3/mol, [6.32]), molecular weight 

of NCM333 (96.46 g/mol), and contact area between the electrode and electrolyte, 

respectively. The parameters of ΔEs and ΔEτ are shown in Fig. 6.8 B. 

The measured DLi as a function of electrode potential of bare and ZrO2 (1h)-coated 

NCM electrodes is shown in Figs. 6.8 C and D, respectively. DLi varies with the electrode 

potential. According to G. Ceder et al. [6.33], the Li ion diffusivity is determined by two 

factors: the concentration of the divacancy and the activation barrier for Li-ion diffusion. 

As the electrode potential increased, for the low Li concentration in the cathodes, both 
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factors increased such that DLi observed at high potential exhibited a low value. It is 

speculated that the highest DLi obtained at the first titration (approximately 3.7 V) is 

caused by the excess Li at the surface of NCM, which satisfied the low activation barrier 

as well as short diffusion distance. Fig. 6.8 E shows the averaged value of DLi excluding 

the DLi measured at the lowest potential (~ 3.7 V), which showed the largest deviation 

from that at other potentials. 

The value of DLi of bare NCM333 measured before the rate study of 4.35 10-10 

cm2/sec is comparable to that observed in previous studies (1.5 - 6.6 10-10 (cyclic 

voltammetry) [6.2], 1.8 - 4.1 10-10 (GITT) [6.32], and 4.4 10-10 (EIS) [6.34]). Those 

of the ZrO2-coated NCM electrodes measured before the rate study decreased as the 

sputtering times increased. Again, the reduced DLi is a result of impeded Li ion diffusion 

through the ZrO2 layer. 

Surprisingly, DLi measured after rate testing of all the coated samples increased and 

surpassed that of bare NCM at the same cycle, while the diffusion kinetics of Li ions in 

bare NCM were relatively hindered after the rate study. Accordingly, the order of DLi 

after rate testing was 1-h, 2-h, 3-h-coated NCM, and bare NCM, and this tendency was 

consistent with the ratio, defined as C16C/C1C (%), of 56.6, 52.0, 51.9, 41.4, and 17.4 % 

for the 1-, 1.5-, 2-, 3-h-coated NCM, and bare NCM, respectively. 

With the DLi of the ZrO2-coated NCM being enhanced during cycling, it can be 

supposed that the ZrO2 surface layers were transformed into a Li ion-conducting 

material by the reaction with the Li ions in the electrolyte or initially involved in the 

active material (NCM). Various stoichiometric LixZrOy is known as a material with a 

high Li ion conductivity [6.23, 6.35]. Therefore, the newly formed LixZrOy during 

cycling contributed to the improved rate capability. 

×

×

× ×
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Figure 6.8 Potential changes of bare NCM during the galvanostatic intermittent 

titration technique (GITT) (A) and single titration curves with potential change 

and applied charging current density (B). The diffusion coefficient of Li ions 

measured before and after rate testing calculated from the GITT of bare NCM 

(C) and ZrO2-coated NCM for 1 h (D). (E) The average diffusion coefficient of 

Li ions measured before and after rate testing for uncoated and coated electrodes. 
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6.4. Description of mechanism for effect of ZrO2 coating 

 

In this section, the mechanism for enhancing the electrochemical performance of 

NCM333 by the surface covered sputtered ZrO2 layer is discussed. 

When bare NCM electrodes are cycled under an organic liquid electrolyte, the HF 

generated by the reaction of the electrolyte and trace water contents attacks the fresh 

surface of NCM. According to the reaction eqns. (2.30) and (2.31), there are two types 

of microstructural changes that occurred in the electrodes: SEI layer formation and 

dissolution of transition metal cations. For bare NCM, a thick SEI layer is formed, and 

the dissolution of metal cations become severe. Therefore, the increase in Rsurface as well 

as high Rct are accommodated with cycling. 

ZrO2-coated NCM exhibited different changes in the microstructure as a function of 

the thickness of the ZrO2 layer, as illustrated in Fig. 6.9. Primarily, ZrO2 has a capability 

of acting as a HF scavenger due to the negative zeta potential, basic surface, and strong 

Zr-O bonding [6.26, 6.27], which can trap HF and block the direct contact between 

NCM and HF. 

If a thick ZrO2 layer covered NCM, the SEI layer was hardly formed, and the 

dissolution of transition metal cations initiated from the surface was significantly 

suppressed due to the HF scavenger characteristics of ZrO2. As the thickness of ZrO2 

decreased, the capacity of HF trapping was relatively limited such that a relatively thick 

SEI layer could be developed, and there was a possibility for metal cations to be 

dissolved compared with a thicker ZrO2 layer. 

Accordingly, all of the ZrO2-coated electrodes exhibited superior cycling stability than 

the bare electrode, and the capacity retention was improved with increasing thickness of 
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the ZrO2 layer, unless the increase in ohmic polarization by ZrO2 compensated for the 

effect of surface protection (3 h-coated NCM electrode). 

Comparing the rate capability depending on the thickness of the ZrO2 layer, it is 

confirmed that a thinner ZrO2 layer led to better Li ion diffusion kinetics. As already 

mentioned in the previous section, the improved rate capability is a result of the 

transformation of ZrO2 into Li-ion conducting LixZrOy induced by the interaction with 

the electrolyte. The Li ion conductivities of various stoichiometric LixZrOy materials 

were reported to 4.9 10-5 - 2.4 10-4 S/cm [6.23, 6.35]. 

Therefore, Li ion diffusion through the LixZrOy layer is more facile than through the 

bare NCM electrode, where a thick SEI and cation deficient layer are developed. In 

addition, the diffusion of Li ions becomes more favored with a decrease in the thickness 

of the surface-covered Li ion-conducting layer. 

Figure 6.10 displays the electrochemical performances and related parameters 

depending on the thickness of the sputtered ZrO2 layer. There is a trade-off between 

capacity retention and rate capability. As the thickness of the ZrO2 layer increases, better 

capacity retention is achieved, while the rate capability is sacrificed. Therefore, the 

thickness of the protective surface layer should be considered carefully based on the 

main purpose of the devices, i.e., stable energy storage or high power performance-

oriented devices. 

  

× ×
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Figure 6.9 Schematic representation of the microstructural change of bare and 

ZrO2-coated (relatively thin and thick) NCM333 electrodes during cycling. 
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Figure 6.10 Comparison of discharge capacity during 1st cycle, capacity 

retention (C200th/C3rd, %), rate capability (C16C/C1C, %), and diffusion coefficient 

of Li as a function of the sputtering time of ZrO2. 
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6.5. Summary  

 

In this study, a modified sputtering system was developed to utilize the deposition 

technique for preparing a surface coating on cathode materials with a high uniformity. 

It was confirmed that modified sputtering is an effective method in that precise control 

of the thickness and a highly uniform coating can be obtained with high processability 

as well as high coating efficiency. 

As a demonstration, an amorphous ZrO2 layer was deposited on a micron-sized 

Li(Ni1/3Co1/3Mn1/3)O2, NCM333, cathode using sputtering, and the electrochemical 

performance of the coated cathodes was investigated  

First, the cycling performance was greatly improved by introducing the surface ZrO2 

layer, and the capacity retention increased with an increasing thickness of ZrO2. These 

results are due to the protective effect of ZrO2 of scavenging the HF generated during 

cycling because of the negative zeta potential and basic surface nature of ZrO2. A 

suppression of the increase in Rct due to the ZrO2 layer to stabilize the surface chemistry 

of NCM333 was also observed.  

Second, the rate capability was also enhanced by the surface-covered ZrO2 layer. 

During the cycling, a Li ion-conducting material, LixZrOy, was formed in the surface-

covered layer due to an interaction with Li ions. This conductive layer facilitates the 

diffusion kinetics from/into NCM333 during charging/discharging procedures and 

yields a better rate capability. 

We suggest that the thickness of the protective surface layer should be considered 

carefully to satisfy the main purpose of devices, i.e., thinner and thicker surface layers 

are beneficial for high rate capability and high cycling stability, respectively. 
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CHAPTER 7 
 
Electrochemical Behavior of Sputtered a-ZrO2 
Coated on Li(Ni1/3Co1/3Mn1/3)O2 under Inorganic 
Solid-state Electrolytes 

 

7.1. Introduction 

 

With the strong need for a new generation of LIBs, e.g., large-scale batteries for EVs 

and printable batteries produced by a 3D printer, the importance of solid-state 

electrolytes (SSEs) has been emphasized [7.1-7.5]. SSEs have various merits including 

a wide selection of composition, high resistance to flammability, high processability 

[7.6], higher stability at high potential compared with liquid electrolytes [7.1], and a 

transport number of unity [7.7]. In particular, an all-solid-state cell with a SSE can utilize 

theoretically high-capacity electrode materials, e.g., S (elemental sulfur) or Li metal, 

which cannot be used with conventional liquid-state electrolytes [7.8, 7.9].  

Although the ionic conductivity of SSEs at room temperature is somewhat lower than 

that of liquid electrolytes, trials for developing new SSEs in recent studies have 

demonstrated a possibility for further improvement (σLi > 10-3 S/cm) [7.1-7.3]. Figure 

7.1 summarizes the merits and demerits of SSEs. 

Generally, SSEs are composed of two types of components: a mobile ion (Li+) source 
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and a network former. Figure 7.2 shows the Li ion conduction mechanism in SSEs. 

During the ionic conduction based on the hopping of ionic point defects, e.g., Li 

vacancies and interstitials, two types of activation energies are involved: Eelectrostatic and 

Estrain. Eelectrostatic and Estrain are related to the electrostatic attraction/repulsion between the 

mobile ionic defects and anions or cations constructing the network former and the size 

of the space formed by non-bridging bonding, respectively. The ionic conductivity of 

SSEs is determined using the following equation: 
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 where [Li+] and μLi+ are the concentration and mobility of Li ionic defects, 

respectively. 

In effect, the Li ionic conductivity of SSEs is strongly dependent on the component 

material as well as the phase of the SSE. Considering the aspect of materials, a smaller 

relative radii, rLi+/ranion, provides a larger space for interstitial sites, which is beneficial 

for reducing Estrain. In addition, larger anions are favored for Li ion conduction due to the 

high polarizability, i.e., relatively lower electrostatic interaction (low Eelectrostatic). 

Accordingly, sulfide-based SSEs are considered as suitable electrolytes beyond oxide-

based SSEs [7.8], which were widely investigated in the 1970s [7.10-7.12].  

Glassy SSEs are more effective for obtaining high ionic conductivity compared with 

crystalline SSEs. Glass materials have a high free volume, which is a pathway for Li 

defects, and supply a wide window for variation of compositions. Ionic conductivity 

obtained in the crystalline phase is intrinsically affected by the contribution of grain 
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boundaries, which occasionally behave as ionic insulating regions [7.13], although this 

phase exhibits well-ordered defects. Thus, a glassy SSE exhibits better Li ion mobility 

and smaller Estrain due to the existence of free volume. 

In this study, a composite of Li2S (77.5 mol. %) and P2S5 (22.5 mol. %) sulfide-based 

glass was used for the SSE. Bare and ZrO2-coated NCM333 electrodes were cycled 

under the SSEs, and it was confirmed that both the cycling stability and specific capacity 

were significantly increased by the surface ZrO2 coating. By comparing the 

electrochemical performances of bare NCM with that under the organic liquid 

electrolyte, it was revealed that the relatively lower performances exhibited under the 

solid-state electrolyte are mainly responsible for the high interfacial resistance between 

NCM and SSEs rather than the lower Li ion conductivity of the SSEs. The ZrO2 layer 

imposed between NCM and SSE effectively reduces the interfacial resistance by 

suppressing the widening of the space charge region formed on the SSE side. 

The details of the electrochemical performances and the mechanism for improvement 

by introducing the ZrO2 layer will be discussed in the following sections. 
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Figure 7.1 Graphical representation of advantages and disadvantages of solid-

state electrolytes. The graphs and description are adopted from the literature: (A) 

[7.14], (B) [7.1], (C) [7.7], and (D) [7.3]. 

 

 
 

Figure 7.2 A schematic for the Li ion conducting mechanism in solid-state 

electrolytes. The figure was redrawn with reference to [7.15]. 
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7.2. Effect of ZrO2 coating on electrochemical performances 

 

7.2.1. Cycling performance 

 

Figure 7.3 shows the cycling performance of an uncoated and ZrO2-coated NCM 

electrode cycled between 1.9 and 3.7 V (vs. In2Li) with a C-rate of C/10. The In2Li alloy 

was used as a counter electrode because this alloy is known to have better stability 

against SSEs compared with pure Li. 

As already confirmed in the cells with a liquid electrolyte, the ZrO2 surface layer 

dramatically enhanced the cycling stability. In addition, the capacity retention, C50th/C1st, 

is continuously increased with sputtering time (Fig. 7.3 B), while too thick of a ZrO2 

surface layer (deposition time of 3 h) is not appropriate for achieving cycling stability 

due to high ohmic polarization under a liquid electrolyte. 

It is noteworthy that the ZrO2 layer also contributed to improving the specific capacity 

with the sputtering time of ZrO2 compared with bare NCM for all the cycle numbers 

investigated, although the specific capacity during the 1st cycle was slightly sacrificed 

by the surface covered layer, and a reversal of capacity requires a few tens of cycles 

under the liquid electrolyte.  

Figure 7.4 shows the potential profiles of selected cycles (1st, 5th, 10th, 25th, and 50th) 

for bare and ZrO2-coated NCM electrodes with different sputtering times. A smaller gap 

between the charging and discharging curves, polarization, is observed in the ZrO2-

coated NCM electrodes even for the 1st cycle. Surprisingly, the polarization was rather 

relieved with an increase of sputtering, while additional polarization was built up with 

the sputtering time of ZrO2, and the increase in polarization with cycle number was only 

mitigated (higher cycling stability) in the ZrO2 layer cycled with organic liquid 
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electrolytes. Figure 7.3 B demonstrates the effect of sputtering time of ZrO2 on the 

discharge capacity for the 1st cycle and capacity retention, C50th/C1st (%). The discharge 

capacity (mAhg-1)/retention (%) for bare, 1 h, 1.5 h, 2 h, and 3 h ZrO2-coated NCM 

electrodes are 77.4/50.2, 86.4/81.3, 93.2/79.6, 98.5/83.1, and 109.3/84.7, respectively. 

 

 

 

Figure 7.3 (A) Discharge capacity and coulombic efficiency as a function of 

cycle number tested with solid-state electrolyte (C-rate of C/10) (B) Discharge 

capacity at 1st cycle and capacity retention, C50th/C1st (%), as a function of the 

sputtering time of ZrO2. 
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Figure 7.4 Potential profiles of selected cycles (1st, 5, 10, 25, and 50th) for bare 

(A) and ZrO2-coated NCM for 1 h (B), 1.5 h (C), 2 h (D), and 3 h (E). 
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7.2.2. Quantification of resistance change 

 

EIS measurements were conducted on uncoated and coated NCM electrodes cycled 

under the same conditions and used for investigating the cycling performance. Nyquist 

plots of both uncoated (Fig. 7.5 A) and ZrO2-coated (2 h) (Fig. 7.5 B) NCM electrodes 

featured a semicircle, which was characterized as the superposition of 2 semicircles, 

followed by a sloping line. Overall, the magnitude of the semicircles of both electrodes 

gradually increased with cycle number, while the Nyquist plot of the ZrO2-coated NCM 

electrode cycled with a liquid electrolyte (Fig. 6.5 B) exhibited an unchanged shape with 

cycle number. However, the ZrO2-coated NCM was still effective for reducing the 

increase of resistance at every cycle investigated compared with bare NCM. 

Using the same equivalent circuit model as that for the liquid electrolyte, the changes 

of each resistance component (Re, Rsurface, and Rct) were calculated and are presented in 

Figs. 7.5 C and D. In both electrodes, Re is independent of cycle number but exhibited a 

higher value compared with that of the cells under liquid electrolyte because of the lower 

Li ion conductivity (one order of magnitude lower than a conventional liquid electrolyte) 

and high thickness of the SSE layer. In the bare NCM electrodes, the contribution of the 

surface layer (SEI)-related resistance additionally participated in increasing the total 

resistance, whereas the increase of resistance in the liquid-electrolyte-based cells was 

mainly caused by Rct (Fig. 6.5 C). Rsurface of ZrO2-coated NCM increased during the early 

cycles and then saturated, and Rct exhibited a tendency of increasing but with smaller 

changes than those observed in bare NCM. The better charge transfer kinetics and 

surface stability obtained by the surface ZrO2 layer were responsible for the superior 

specific capacity from the beginning of the cycling as well as the cycling stability. 
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Figure 7.5 Nyquist plots during cycling for bare NCM (A, inset: equivalent 

circuit) and ZrO2/NCM (2 h) (B) measured at a fully charged state (3.7 V). 

Changes in resistance (Re (electrolyte), Rsurface (surface layer), and Rct (charge 

transfer) with cycle number for bare NCM (C) and ZrO2/NCM (2 h) (D). 
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7.2.3. Comparison with liquid electrolytes  

 

As observed in the comparison graphs of the potential profiles measured with liquid 

and solid electrolytes (Fig. 7.6 A and B), the graphs for bare NCM cycled with a solid 

electrolyte exhibits larger polarization (Fig. 7.6 A), and an abnormal potential sloping 

region (Fig. 7.6 B) appearing before the typical Li deintercalation potential for NCM (~ 

3.7 V vs. Li/Li+) was observed. The large polarization involved in the 

charging/discharging process in the cell cycled under the solid-state electrolyte led to a 

lower coulombic efficiency. Only 15.7 % of capacity was lost for the liquid cell with 

bare NCM, while almost half (47.1 %) of that was dissipated for the solid-state cell in 

the 1st cycle. 

Furthermore, the relative capacity of all of the electrodes cycled with the solid-state 

electrolyte was lower, and a lower cycling stability was also observed compared with 

the electrodes cycled with liquid-state electrolyte at every cycle number investigated 

(Fig. 7.6 C-F). The most remarkable reduction in capacity and its retention from those 

of the liquid electrolyte-based cells was observed in the bare NCM electrodes (Fig. 7.6 

C). 

It is believed that the relatively lower capacity and its retention observed in the solid-

state cell originated from not only the low Li ion conductivity of the SSE but also a 

combination of an undesired interfacial layer and the small contact area between the 

active material and SSE.  

As observed in the configuration of composite electrodes used in the all-solid-state 

cell (Figure 7.7), the SSE powder makes contact with the active material as a point 

contact, while the LiPF6-based liquid electrolyte exhibits almost perfect wetting on the 

surface of the active materials as well as pores (macro-, meso-, and micro-pores) in the 
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electrodes.  

Electrochemical energy storage can only be initiated from the interphase between 

active materials and electrolytes, and the smaller contact area in the all-solid-state cell 

led to a lower specific capacity. In addition, considering the energy storage site of the 

layered-structure cathode, a facile and major pathway for Li ions through the cathode 

requires certain crystallographic spaces, i.e., an interslab space (a plane perpendicular to 

c-axis). If the SSE power is attached to NCM with unfavorable crystallographic spaces, 

Li ions should diffuse into/form NCM through a detour path. In addition, a product of 

the side reactions was formed during cycling, e.g., SEI formation, can further impede 

the intercalation/deintercalation of Li into/from NCM with capacity loss with repeated 

cycling becoming severe because of the relatively low contact area and long diffusion 

length of Li (Figure 7.7). 

Based on the above discussion, we can suggest that an additional surface coating layer 

of SSE deposited using modified sputtering, i.e., a SSE/ZrO2/NCM triple-layered active 

material, is considered the most promising strategy to obtain high cycling stability as 

well as high specific capacity using solid-state electrolytes. 
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Figure 7.6 Potential profiles at 1st cycle (A) during early stage of charging (B) 

of bare NCM electrodes under liquid and solid electrolyte. Comparison of 

capacity retention during 50 cycles of bare (C) ZrO2-coated NCM electrodes for 

1 h (D), 2 h (E), and 3 h (F) cycled with liquid and solid-state electrolytes. The 

relative capacity (%) was normalized by the 1st discharge capacity for the solid-

state electrolyte and 3rd discharge capacity for the liquid electrolyte. 
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Figure 7.7 Schematic illustration of the interfaces between composite electrode 

and two kinds of electrolytes (liquid- and solid-state electrolytes) and the 

diffusion path of Li from/into layered cathodes. 
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7.3. Effect of ZrO2 coating on interfacial properties 

 

Based on the investigation of the effect of the ZrO2 surface coating on the 

electrochemical performances obtained using inorganic solid-state electrolytes (Fig. 7.3-

7.6), the supposed microstructural changes upon formation of contact with a SSE for 

bare and ZrO2-coated NCM electrode are illustrated in Fig. 7.8. 

When the interface between the NCM and the SSE was formed (Fig. 7.8 A), a certain 

amount of Li ions diffused into the NCM to attain equilibrium with respect to the 

chemical potential of Li. Due to the electron conduction in the NCM, the concentration 

gradient of Li on the side of NCM was relieved. Therefore, Li ions contained on the SSE 

side additionally moved to NCM to achieve another state of equilibrium. Thus, a highly 

resistive and wide layer with a deficiency of Li ions from its initial concentration was 

developed in the SSE, and the layer caused high resistance (Fig. 7.5 C) and low 

coulombic efficiency (Fig. 7.3 A). As demonstrated in Fig. 7.9 A, a noticeable side 

reaction before deintercalation of Li through the interslabs of NCM (~ 3.1 vs. In2Li) was 

observed for the uncoated electrodes during the 1st charging (the gray-colored line), 

while the same active material assembled with the liquid electrolyte (Fig. 7.6 B, red-

colored line) was charged without any sign of a side reaction. 

However, the undesirable side reaction involved in the potential profiles of charging 

was mitigated by the surface covered ZrO2 layer, as illustrated in Fig. 7.9 A (the orange-, 

red-, and blue-colored lines). When considering the Rsurface and Rct in the 3rd cycle, both 

resistance components were smaller in the ZrO2-coated NCM (Rsurface and Rct were 193 

and 119 Ω for the ZrO2-coated NCM, respectively, and 310 and 201 Ω for the bare NCM, 

respectively). In the interface region of the coated NCM, due to the differences in the 

concentration of Li ions between the SSE and surface-covered ZrO2, Li ions diffused 
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into ZrO2/NCM from the SSE. Unlike the case of the bare NCM, the concentration 

gradient across the interface was not altered due to electrically insulating ZrO2. 

Therefore, prohibited additional diffusion of Li from the SSE led to a narrower thickness 

of the space charge region developed on the SSE side compared with the uncoated 

electrodes. A smaller Li ion deficient region and relatively stable interface layer by 

surface ZrO2 was responsible for the enhanced cycling stability and reduced side 

reaction. 

It is speculated that the abnormal potential profile observed in early stage of the 1st 

cycle charging is caused by the deintercalation of Li ions, which were additionally 

inserted into NCM or ZrO2-coated NCM when they contacted the SSE and reached an 

equilibrium state. Therefore, the smaller irreversible side reaction observed in the ZrO2-

coated NCM indicates that a narrower space charge region was developed on the SSE 

side compared with the case of the bare NCM. The irreversible side reaction also 

affected the coulombic efficiency in the 1st cycle, with values of 52.9, 55.6, 61.9, and 

65.2 % for the bare, ZrO2-coated (1, 2, and 3 h) NCM electrodes, respectively. 
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Figure 7.8 Schematic representation of changes in the concentration profile of 

Li ions for bare NCM (A) and ZrO2-coated NCM (B) upon formation of contact 

with SSEs. 
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Figure 7.9 (A) Changes in the potential during the early stage of charging of 

bare and 1, 2, and 3 h ZrO2-coated NCM electrodes. (B) Coulombic efficiency 

as a function of the sputtering time of ZrO2 layer. 
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7.4. Summary 

 

In this chapter, the effect of a surface ZrO2 coating layer on the specific capacity, 

cycling performance, and changes in resistance (Re, Rsurface, and Rct) using a sulfide-

based glassy solid-state electrolyte, 77.5 mol. % of Li2S + 22.5 mol. % of P2S5, were 

investigated with the purpose of developing a new generation of LIBs. 

It was confirmed that all of the electrochemical performances were significantly 

improved by introducing the sputtered ZrO2 surface layers, and the degree of 

enhancement was remarkable upon increasing the thickness of the ZrO2 layer, while 

only better cycling stability and rate capability were observed in the liquid-electrolyte-

based cells. 

However, comparing the electrochemical performance along with the type of 

electrolytes, the all-solid-state cells still exhibited lower performances than the liquid 

cells. It is believed that the relatively lower capacity, retention, coulombic efficiency, 

and higher polarization observed in the solid-state cell originated from not only the low 

Li ion conductivity of the SSE but also from a combination of an undesired interfacial 

layer and the small contact area between the active material and SSE. 

As a proposed mechanism, an interposed ZrO2 layer, which is not an electronic 

conductor, is beneficial for suppressing the widening of the space charge region on the 

SSE side, which is formed when the active material and SSE contacted to reach an 

equilibrium state. Therefore, the ZrO2 layer effectively mitigated the buildup of a large 

interfacial resistance, the most prominent reason for the reduced performances. 

We can suggest that an additional surface coating layer of SSEs deposited on 

ZrO2/NCM is considered the most promising strategy to obtain high cycling stability as 

well as high specific capacity at the level obtained in liquid-based cells. 
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CHAPTER 8 
 
Conclusion 
 

 

8.1. Summary of results 

 

The aim of this study was to develop structural design methods for transition-metal-

oxide-based electrode materials used in energy storage devices by identifying the 

microstructural issues, which are key factors for improving electrochemical 

performances. Due to the outstanding electron transfer and ionic diffusion kinetics 

thorough the interslab space (1×∞), layered-structure materials were selected as 

electrodes for further improvement by structural modification of the electrodes and 

interface and crystallographic phase control. We focused on the electrochemical 

behaviors of nanostructured δ-MnO2 nanofibers and sputtered a-ZrO2 on 

Li(Ni1/3Co1/3Mn1/3)O2 as the electrodes for electrochemical capacitors and Li-ion 

batteries, respectively. 

To obtain high energy density from electrochemical capacitors, a synergetic effect of 

microstructural factors, e.g., a high surface area, a high capacitance (pseudocapacitive) 

material, an open structure of electrode, and an optimal crystallographic phase, should 

be achieved. δ-MnO2 nanofibers (NFs) were fabricated by galvanostatic oxidation of 
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low-valence manganese oxides (Mn3O4 and Mn2O3) NFs for high-performance 

electrochemical capacitors. Based on systematic experiments investigating the effect of 

the composition of the electrospinning solution and calcination condition, it was 

confirmed that the valence of manganese increased with the ratio of oxygen to 

manganese ions incorporated in the solution. In addition, the organic contents in the as-

spun MnOx NFs make it difficult to obtain the optimum phase (δ-MnO2) to achieve high 

electrochemical performance. To further increase the oxidation state of Mn in MnOx 

NFs, galvanostatic oxidation was applied. By quantitative analysis of the concentration 

of dissolved manganese ions and microstructural changes after galvanostatic oxidation, 

it was confirmed that galvanostatic oxidation is effective in not only suppressing the 

dissolution and side reactions during the phase transformation but also in increasing the 

surface area of NFs. The specific capacitance of MnOx NFs oxidized by the 

galvanostatic method was improved compared with the cyclic voltammetry oxidation 

method: the G-oxidized Mn3O4 exhibited an outstanding performance of 380 F/g, while 

that of the oxidized Mn3O4 using the cyclic voltammetric method was 240 F/g. This 

facile fabrication method establishes an important avenue for designing and optimizing 

nanostructured electrode materials that require the electrode integrity during phase 

transformation to be maintained. 

The Mn3O4 phase has a higher degree and faster kinetics of phase transformation into 

δ-MnO2 compared with Mn2O3 such that after galvanostatic oxidation, Mn3O4 exhibited 

a better specific capacitance as well as rate capability. In addition, the fraction of inner 

surface storage capacitance and the absolute value of outer surface capacitance was 

larger in G-oxidized Mn3O4 NFs. Based on the calculation of the apparent oxidation 

charge consumed during galvanostatic oxidation, it was revealed that the majority of 

total charges was used for oxidation (transformation) in Mn3O4, while the applied charge 
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was largely dissipated by the OER and capacitive portion in Mn2O3. The phase 

transformation of Mn3O4 and Mn2O3 into δ-MnO2 occurred through 2-step-wise 

processes, i.e., the oxidation of Mn2+ to Mn4+ with an intermediate valence state of Mn3+. 

The 1st step is kinetically faster than the 2nd step and is related to the concentration of 

Mn2+ ions incorporated in the MnOx lattice such that Mn3O4 exhibited more prominent 

oxidation compared with Mn2O3 due to the larger concentration of Mn2+ ions. The 2nd 

step, the rate-determining step of the overall oxidation process, was strongly dependent 

on the energetic stability of Mn3+ ions. An octahedral Mn3+ ion in spinel Mn3O4 is 

energetically unstable such that the ion has a stronger tendency of transformation into 

Mn4+, which can mitigate the structural energy. 

Interfacial engineering using a surface protective layer and the development of a 

versatile coating method with high uniformity and durability in the industrial field is the 

most promising designing method for achieving high energy and power performances. 

Thus, we developed a modified sputtering system for surface coating on cathode 

materials. It was confirmed that modified sputtering is an effective method in that precise 

control of the thickness, highly uniformity, and high coating efficiency were 

accomplished. A sputtered ZrO2 layer was deposited on Li(Ni1/3Co1/3Mn1/3)O2, NCM333, 

cathode powders, and the electrochemical performances were investigated with organic 

liquid (LiPF6) as well as solid-state (Li2S+P2S5 glass) electrolytes.  

In ZrO2/NCM333-based LIBs cycled under a liquid cell, the cycling stability was 

greatly improved with increasing thickness of ZrO2. ZrO2 scavenges the HF, which 

induced the dissolution of transition metal cations and SEI layer formation because of 

the negative zeta potential and basic surface nature of ZrO2. Accordingly, a surface ZrO2 

layer is beneficial for reducing the increase in the charge-transfer resistance upon cycling. 

The rate capability was also enhanced by the surface-covered ZrO2 layer. It is speculated 
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that a Li-ion conducting material was formed in the surface covered layer by interaction 

with Li ions during the cycling. 

In the all-solid-state cells, it was confirmed that the improvement of the 

electrochemical performances by the ZrO2 surface layer was more prominent compared 

with the liquid electrolyte-based cell. All of the electrochemical performances, including 

the specific capacity, cycling performance, and changes in the resistance, were 

significantly improved, while only better cycling stability and rate capability were 

observed in the liquid-electrolyte-based cells. As a proposed mechanism, the interposed 

ZrO2 layer, which is not an electronic conductor, is beneficial for suppressing the 

widening of the space charge region on the SSE side, formed when the active material 

and SSE contacted to reach an equilibrium state. Therefore, the ZrO2 layer effectively 

mitigated the buildup of a large interfacial resistance, the most prominent reason for the 

reduced performances. However, comparing the electrochemical performance along 

with the type of electrolytes, the all-solid-state cells still exhibited lower performances 

than the liquid cells. It is supposed that the relatively lower capacity, retention, 

coulombic efficiency, and higher polarization observed in the solid-state cell originated 

from not only the low Li ion conductivity of SSE but also a combination of an undesired 

interfacial layer and the small contact area between the active material and SSE. 

It is expected that the modified sputtering technique developed by this study will have 

a great effect, as it is applicable to any type of coating material in accordance with 

requirements for various application fields of electrochemical energy storage. 

In all-solid-state cells, it was confirmed that the improvement of electrochemical 

performances by ZrO2 surface layer is more prominent compared with liquid electrolyte-

based cell: All of electrochemical performances including specific capacity, cycling 

performance, and changes in resistance was significantly improved, while only better 
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cycling stability and rate capability were observed in liquid electrolyte-based cells. As a 

proposed mechanism, interposed ZrO2 layer, which is not an electronic conductor, is 

beneficial for suppressing the widening of space charge region in SSE side, formed 

when the active material and SSE was contacted to reach equilibrium state. Therefore, 

ZrO2 layer effectively mitigated the buildup of huge interfacial resistance, the most 

prominent reason for the reduced performances. However, comparing of the 

electrochemical performance along with the type of electrolytes, all-solid-state cells still 

exhibited lower performances than liquid cells. It is supposed that relatively lower 

capacity, retention, coulombic efficiency, and higher polarization observed in solid-state 

cell were originated from not only low Li ion conductivity of SSE but also a combination 

of undesired interfacial layer and the small contact area between active material and SSE. 

It is expected that modified sputtering developed by this study have a power of 

influence in that this method can be applicable to any kind of coating material in accord 

with requirement for various application fields of electrochemical energy storage. 
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8.2. Future works and suggested research 

 

In addition to the nanostructuring method, which has a great effect on increasing the 

surface area as well as ion accessibility, the modulation of electrical properties of 

electrode materials is considered another promising strategy for the further improvement 

of electrochemical performances. The electrical properties of transition-metal-oxide-

based electrodes can be enhanced through two types of approaches: doping of aliovalent 

cations and the addition of conducting additives as a coating layer. 

In the energy storage mechanism in MnO2-based electrodes, the transfer of electrons 

via hopping conduction between Mn3+ and Mn4+ and the diffusion of electrolyte cations 

through oxygen vacancies and the interslab space should occur simultaneously. Using a 

combined method of aliovalent cation doping (WO3, MoO3) and thermal calcination 

under an oxygen deficient condition (low PO2), both electron and cation moving kinetics 

can be enhanced. Surface-covered conducting materials is another route for facilitating 

electron transfer. Conducting polymers, e.g., PEDOT or polyaniline, which are 

electrochemically active materials with high flexibility for design, may be the most 

powerful conducting additives for MnO2-based electrodes. 

Based on the wide selection window for coating materials of the sputtering system, 

an investigation of the effect of a coating layer on anode materials and developing novel 

coating materials will be conducted. Because the large volume change during 

charging/discharging are involved in anode materials, e.g., Si and Sn, mechanically 

robust and Li-ion/electron-allowable materials (amorphous Si or C) are considered 

suitable coating materials for anodes. In addition, the development of novel coating 

materials exhibiting high stability under an extreme potential range (> 4.7 V) will be 

followed with respect to band structure and ionic/electric conduction.  
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요약(국문초록) 

 

전이금속 산화물 기반의 층상형 재료는 높은 이온 전자 전달 특성을 기반으로 

전기화학 커패시터와 리튬 이온 전지의 전극 물질로써 현재까지 다양한 연구들이 

수행되어왔다. 하지만 보다 높은 에너지 저장 밀도 및 출력 특성에 대한 산업적인 

요구에 의해 전극 재료의 현수준을 능가하는 특성 향상에 대한 연구가 필요한 

실정이다. 하지만 높은 전극 질량 하에서의 제한된 물질 및 전하 이동 특성은 

이론적 저장 용량에 비해 현저히 낮은 구동 용량을 보이며 또한 상전이, 전극 

조성의 변화 및 전극재료와 전해질 사이의 비가역적인 반응들은 안정한 사이클 

특성을 저하하는 요소로써 작용한다. 

본 연구는 전기화학 캐패시터 및 리튬 이온 전지에 사용되는 전이금속 산화물 

전극의 에너지 저장 메커니즘을 규명하고 결정학적 상, 전극 구조 및 전극/전해질 

계면 특성 제어 관점에서의 새로운 전극 구조 설계 방안을 개발하는 것에 그 

목적을 두고 있다. 

첫 번째로, 전기방사법과 산화수 제어를 위한 후속 전기화학적 산화방법을 

통하여 1 차원 나노 구조 MnO2 를 개발하고 전기화학 커패시터의 전극 물질로써의 

에너지 저장 특성을 평가하였다. 전기방사 나노섬유는 낮은 구동 용량의 주요 

원인인 MnO2 내부의 낮은 전해질 양이온 확산과 전기 전도성을 해결할 수 있는 

방안으로써 도입되었다. 현재까지 보고된 전기방사 망간산화물 (MnOx) 

나노섬유는 섬유 구조를 유지하기 위해 첨가된 유기물에 의해 저 산화수 

망간산화물 (Mn3O4, Mn2O3)의 형태가 됨에 따라 그 전기화학적 특성이 크게 

제한되었다. 따라서 본 연구에서는 저 산화수 망간산화물을 전기화학적 정전류 

산화법을 통하여 산화 과정 중 활물질의 손실 없이 1 차원 나노 구조가 유지되는 

층상형의 MnO2 (δ-MnO2) 나노섬유를 형성 하였다. δ-MnO2 나노섬유는 1.2 
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mg/cm2 의 높은 전극 질량 하에서 380 F/g 의 우수한 저장 용량을 보이는 것을 

확인하였다. 초기 저 망간 산화물의 상의 효과에 대한 비교연구를 통하여 

전기화학적 정전류 산화법 (galvanostatic oxidation)을 통한 δ-MnO2 로의 상 

전이 거동은 2 단계를 거쳐 발생하며 각기 Mn2+이온의 농도와 Mn3+ ion 의 

에너지적 안정성에 의존하는 것으로 밝혀졌다. 

연구의 두 번째 주안점은 새로운 계면 제어 방법의 개발을 바탕으로 

Li(Ni1/3Co1/3Mn1/3)O2 층상형 양극물질의 표면에 비정질 ZrO2 층을 도입함에 따른 

전기화학 특성의 향상에 두었다. 이를 위하여 스퍼터링 장비의 개조를 바탕으로 

증착 과정 중 전극 분말의 지속적인 움직임을 유도하여 균일한 표면 보호 층을 

형성 할 수 있는 시스템을 개발하였다. ZrO2 층이 코팅된 Li(Ni1/3Co1/3Mn1/3)O2 

양극의 전기화학적 특성은 유기 액체 전해질과 황화물계 비정질 고체 전해질 

하에서 평가되었다. 액체 전해질 기반의 전지에서 ZrO2 표면층이 도입된 양극 

물질의 충방전에 따른 용량 감하 현상 (94.6 %)이 표면 층이 적용되지 않은 양극 

(71.3 %) 에 비하여 크게 향상되는 것을 확인하였다. 표면 층에 의한 충방전 

안정성의 증대를 전자 전도도와 Li 이온의 확산속도와 관련하여 분석이 

수행되었다. 율속 특성 평가에서도 ZrO2/Li(Ni1/3Co1/3Mn1/3)O2 양극 물질의 

우수한 특성이 확인되었으며, 이를 충방전 과정 중 발생하는 ZrO2 와 액체 전해질 

사이의 상호작용과 이에 따른 Li 이온 확산 계수의 변화에 대한 정량 분석을 

바탕으로 논의 되었다. 황화물계 비정질 고체 전해질 (Li2S + P2S5)를 활용한 전 

고체 전지에서 ZrO2 표면 층이 비 용량, 용량 감하 현상 및 쿨롱 효율의 향상에 

기여하는 것이 검증되었으며, 이의 메커니즘이 액체 전해질 기반의 전지에서 

발현되는 그것과 구분되는 것을 확인하였다. ZrO2 표면 층의 도입에 의한 고체 

전해질/전극 간 계면의 안정화 과정에 대한 메커니즘의 이해를 바탕으로 전지의 

전기화학 특성을 증대할 수 있는 표면층 물질 군을 제안하였다.  

본 연구는 전이금속 산화물 기반의 층상형 전극 재료의 에너지 저장 메커니즘에 
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대한 정보를 제공함과 동시에 전기화학적 특성 향상을 위한 전극 재료의 구조 

설계에 대한 가이드라인을 제시하는 것에 그 의미가 있다. 

 

표제어: 전기화학적 에너지 저장, 전이금속 산화물, 전기방사 나노섬유, 
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